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Abstract 
Biomass utilization has received much attention for production of high-density solid fuels. 
Utilization of cheap and naturally available precursors through environmentally friendly and 
effective processes is an attractive and emerging research area. Pyrolysis and hydrothermal 
carbonization (HTC) are well-known technologies available for production of solid biofuel 
using conventional or microwave heating. Microwave heating is a simpler and more efficient 
heating method than conventional heating.  
The process parameters of microwave hydrothermal carbonization (MHTC) have significant 
effect on yield of hydrochar. For the first time, this study discusses the effect of process 
parameters including reaction temperature, reaction time, particle size and biomass to water 
ratio on hydrochar yield produced from MHTC of rice husk and rice straw. Further, both the 
feed material and hydrochars have been characterized for energy, chemical, structural and 
thermal properties. Results revealed that, over the ranges tested, a lower temperature, lower 
reaction time, lower biomass to water ratio and higher particle size produce more hydrochar. 
The higher heating value (HHV) was improved significantly from 16.46 MJ/kg and 12.3 
MJ/kg of rice husk and rice straw to 24.89 MJ/kg and 17.6MJ/kg of rice husk hydrochar and 
rice straw hydrochar, respectively. Elemental analysis results of rice husk and its hydrochar 
show that the carbon content increased, and oxygen content decreased in hydrochar from 25.9 
to 44.9% and 68.5 to 47.0%. On the other hand, the carbon content and fixed carbon values 
were increased from 37.19% and 14.37% for rice straw to 48.8% and 35.4% for rice straw 
hydrochar. SEM analysis exhibited modification in structure of rice husk and improvement in 
porosity after MHTC, which was further confirmed from BET surface analysis. The BET 
surface area increased from 25.0656 m2/g (rice husk) to 92.6832 m2/g (hydrochar). Thermal 
stability of hydrochar was improved from 340 oC for rice husk to 370 oC for hydrochar. 
xiv 
 
A polymer composite is fabricated by incorporating fillers into a polymer matrix at different 
concentrations. The addition of fillers helps to improve the physical, mechanical, chemical 
and thermal properties of the composite. This study utilizes hydrochar for the first time, 
synthesised by microwave-assisted hydrothermal carbonization of rice husk and rice straw, as 
filler for polylactide/hydrochar composites. The polylactide/hydrochar composites were 
fabricated by incorporating hydrochar in polylactide at 5%, 10%, 15% and 20 wt% by melt 
processing in a Haake rheomix at 170 ºC. Both the neat polylactide and polylactide/hydrochar 
composites were characterized for mechanical, structural, thermal and rheological properties. 
The tensile modulus of polylactide/hydrochar composites was improved from 2.63 GPa (neat 
polylactide) to 3.16 GPa, 3.33 GPa, 3.54 GPa, and 4.24 GPa after blending with hydrochar at 
5%, 10%, 15%, and 20%, respectively. Further, the incorporation of hydrochar had little 
effect on storage modulus (Gʹ) and loss modulus (Gʹʹ). The findings of this study suggest that 
addition of hydrochar improves the overall characteristics of polylactide composites 
confirming the suitability of hydrochar as filler for polymer/hydrochar composites. 
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Chapter 1. Introduction 
1.1 Project Background 
Biomass was a key source of energy production till 19th century and it was replaced by fossil 
fuels after sudden rise of petroleum-based economy due to lower transformation energy 
ability of biomass than petroleum fuels. But recent rise in energy demand due to growth in 
industrialization and population, it is anticipated that the petroleum-based energy will not be 
able to meet future energy demand. In addition to that these fossil fuels are harming our 
environment in terms of greenhouse gas emissions (CO2) (Yu, Lou & Wu 2007). Limited 
availability and unbalanced market prices (Boldor, Sanders & Simunovic 2004; Fischer & 
Schrattenholzer 2001; Huber, Iborra & Corma 2006; Krewitt et al. 2007; Okkerse & Van 
Bekkum 1999) are added disadvantages of petroleum-based energy. To overcome these 
shortcomings of fossil fuel-based energy, it is a need of modern world to shift back to the 
biomass-based economy.  Biomass is recognized as a best substitute of petroleum fuels due 
to its availability in large amount and environmental friendly nature (Bhutto et al. 2016; 
Guo et al. 2017). Agricultural industry is considered as a major producer of biomass 
(Bhutto, Bazmi & Zahedi 2011; Wang et al. 2010), and bioenergy is reported as a means of 
reducing carbon dioxide emissions also (Román et al. 2012). Rice husk and rice straw are 
agricultural wastes generated as a by-product from rice industry. Annual global production 
of rice husk and rice straw is 140 and 650-975 million tonnes respectively (Momayez et al. 
2017; Nizamuddin, Siddiqui, et al. 2018). Further, it is projected that the long term fallow 
rice cultivation will be increased to 50,300 ha in 2065, which will generate 5.83 metric ton 
of rice straw per year per hectare and 1.17 metric ton of rice husk per year per hectare 
(Chang, Lou & Ko 2019). Currently, both rice husk and rice straw are either burnt in the 
fields in open atmosphere or discarded, which are environmentally detrimental techniques 
(Lin et al. 2013).  
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The biomass from existing renewable energy resources possess a potential to be transformed 
into suitable liquid, gaseous and solid fuels (Demirbaş 2001a, 2001b) by using either 
biochemical or thermochemical technologies. Biochemical methods are anaerobic digestion, 
fermentation, and transesterification and composting (Lee & Ofori-Boateng 2013). The 
biochemical methods mostly use enzymes as a catalyst to produce biofuels from biomass. 
On the other hand, thermochemical methods are combustion, pyrolysis, gasification and 
hydrothermal process i.e. hydrothermal liquefaction, hydrothermal gasification and 
hydrothermal carbonization (Nizamuddin et al. 2016). Generally, thermochemical methods 
are preferred over biochemical processes due to various advantages provided by 
thermochemical methods. For instance, biochemical methods require the pre-treatment 
(either biological, chemical, or physical) of biomass before conducting experiments (Kumar 
2010) whereas thermochemical processes do not require any pre-treatment. Therefore, this 
study focused on thermochemical conversion of selected biomass feedstocks. 
Among thermochemical methods, hydrothermal liquefaction and pyrolysis are used to 
produce higher bio-oil yield as they support liquid formation whereas gasification supports 
gaseous product formation. On the other hand, hydrothermal carbonization produces higher 
quality and higher amounts of solid fuel. Furthermore, it is reported that hydrothermal 
carbonization can handle both wet and dry biomass types, therefore saving the energy, cost, 
and time that are needed for dry biomass. It is an environmentally friendly process than 
pyrolysis because of the fewer emission of volatile matter (Cakan 2008; Titirici, M-M, 
Antonietti & Baccile 2008; Titirici, M-M, Thomas & Antonietti 2007; Titirici, MM et al. 
2007). Therefore, hydrothermal carbonization was selected in this study as the main product 
of the focus was solid fuel.  
Further, hydrothermal carbonization can be carried out by using both conventional and 
microwave heating systems (Nizamuddin, Baloch, et al. 2018). Microwave hydrothermal 
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carbonizations is preferred over conventional hydrothermal carbonization because it is 
reported in literature that microwave hydrothermal carbonization process is an innovative, 
technologically efficient, environmentally friendly method (Guiotoku et al. 2009) and an 
energy efficient method which reduces processing time greatly (Elaigwu & Greenway 2016; 
Renmin et al. 2012). Hence, this study utilizes microwave hydrothermal carbonization of 
rice husk and rice straw for its various applications. 
 1.2 Aim 
The aim of this study was to propose proper utilization of rice husk and rice straw from rice 
industry. Among other methods, microwave hydrothermal carbonization was chosen for 
hydrochar production from rice husk and rice straw. Further, the effect of various process 
parameters of microwave hydrothermal carbonization was assessed on yield percentage of 
hydrochar. These parameters include reaction temperature, reaction time, biomass to water 
ratio and particle size.  
There are several studies reported on synthesis of hydrochar from various biomass resources 
by using both conventional and microwave heating systems. Majority of studies focused on 
synthesis and preliminary characterization of hydorchars and there were only a few studies 
reported on applicability of hydrochars. Therefore, another key purpose of this study was to 
propose potential applications of hydrochars, produced by microwave hydrothermal 
carbonization of rice husk and rice straw, as a solid fuel and as a filler for polymer 
composites. 
1.3 Structure of thesis 
This study utilized microwave hydrothermal carbonization of rice husk and rice straw for 
hydrochar synthesis. The effect of process parameters of microwave hydrothermal 
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carbonization was investigated on hydrochar yield. Further, the hydrochar was assessed for 
its potential applications as a solid fuel and a filler for polymer/hydrochar composites. The 
thesis is divided into seven chapters. 
Chapter 1. Introduction 
Chapter 1 provides a comprehensive background of the research topic, aims of the study and 
thesis structure. 
Chapter 2. Literature Review 
Chapter 2 discusses the literature reported on biomass, specifically rice husk and rice straw, 
hydrochar and biochar, the processes used for solid fuel production i.e. pyrolysis and 
hydrothermal carbonization, as well as hydrothermal carbonization by using both 
conventional and microwave heating systems. Further, the effect of key process parameters of 
microwave pyrolysis and microwave hydrothermal carbonization is discussed in detail. 
Moreover, the chemical, structural and thermochemical characteristics of hydrochars 
produced from microwave hydrothermal carbonization are compared to those of biochars 
produced from microwave pyrolysis of biomass.  
Chapter 3. Upgradation of chemical, fuel, thermal and structural properties of rice husk 
through microwave-assisted hydrothermal carbonization 
Chapter 3 reports synthesis and characterization of hydrochar produced from microwave 
hydrothermal carbonization of rice husk. Briefly, this chapter reports about the effect of 
reaction temperature, reaction time, biomass to water ratio and particle size on yield 
percentage of hydrochar from microwave hydrothermal carbonization. Further, the energy, 
chemical, structural, textural and thermal properties of the rice husk and hydrochar produced 
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from microwave hydrothermal carbonization of rice husk have been studied in detail in this 
chapter. 
Chapter 4. Microwave hydrothermal carbonization of rice straw: optimization of process 
parameters and upgrading of chemical, fuel, structural and thermal properties 
Chapter 4 is about optimization of process parameters of microwave hydrothermal 
carbonization and upgradation of various characteristics of hydrochar produced from 
microwave hydrothermal carbonization of rice straw. Briefly, the effect of process parameters 
including reaction temperature, reaction time, biomass to water ratio and particle size has 
been optimized with the help of central composite design of design expert software. 
Furthermore, both rice straw and optimized hydrochar were characterized for HHV and 
energy density, ultimate analysis, proximate analysis, FTIR analysis, SEM analysis, XRD 
analysis, TGA/DTG analysis and N2 adsorption/desorption isotherm. 
Chapter 5. Synthesis and characterization of polylactide/rice husk hydrochar composite 
Chapter 5 reports potential application of hydrochar produced from microwave hydrothermal 
carbonization of rice husk as a filler for polymer matrix to synthesize polymer/hydrochar bio-
composite. Specifically, the hydrochar produced from microwave hydrothermal carbonization 
of rice husk was blended with polylactide matrix as a filler at 5%, 10%, 15% and 20% 
loadings. Further, the neat polylactide and polylactide/hydrochar composites were 
characterized for structural, chemical, thermal, mechanical and rheological properties. 
Moreover, the potential applications of char-added composites also have been reported in this 
chapter. 
Chapter 6. Development of polylactide/rice straw hydrochar composites: synthesis and 
characterizations 
6 
 
Chapter 6 studies about synthesis and characterization of polymer/rice husk hydrochar 
composites mainly studying the application of hydrochar produced from microwave 
hydrothermal carbonization of rice straw as a filler for polymer/hydrochar composites. 
Generally, this chapter reports about production of hydrochar from microwave hydrothermal 
carbonization of rice straw as well as fabrication of polylactide/hydrochar composite. 
Moreover, the neat polylactide and polylactide/hydrochar composites are analysed by using 
FTIR analysis, SEM analysis, XRD analysis, TGA/DTG analysis, DSC analysis, mechanical 
properties analysis and rheological properties analysis.  
Chapter 7.  Conclusions and recommendations 
Chapter 7 summarises the key findings and provides conclusions based on this study and 
provides future recommendations for possible studies in this research area. 
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Chapter 2. Literature Review 
 
An overview of microwave hydrothermal carbonization and microwave pyrolysis of 
biomass 
Production of high-density solid bio-fuels from biomass resources is receiving an increasing 
interest due to extraordinary physico-chemical properties of theses solids. Biomass has 
supportive lignocellulosic composition which leads towards production of solid biofuels i.e. 
either biochar or hydrochar. The pyrolysis and hydrothermal carbonization are two common 
processes used for production of solid fuels from biomass feedstocks. Both pyrolysis and 
hydrothermal carbonization processes can be carried out with conventional and microwave 
heating systems. Though, microwave heating systems are known as to be simpler, faster and 
more efficient than conventional heating systems. This chapter reviews the microwave 
pyrolysis and microwave hydrothermal carbonization of biomass, studies the effect of 
parameters of both methods. Also, this chapter critically analysis the chemical, energy, 
structural and thermal properties of biochars and hydrochars produced from microwave 
pyrolysis and microwave hydrothermal carbonization of different biomass feedstocks. This 
chapter was published in reviews in Environmental Science and Bio/Technology.   
REVIEW PAPER
An overview of microwave hydrothermal carbonization
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Abstract Biomass utilization has received much
attention for production of high density solid fuels.
Utilization of cheap and naturally available precursors
through environmentally friendly and effective pro-
cesses is an attractive and emerging research area.
Pyrolysis and hydrothermal carbonization (HTC) are
well-known technologies available for production of
solid biofuel using conventional or microwave heat-
ing. Microwave heating is a simpler and more efficient
heating method than conventional heating. This study
presents a critical review on microwave pyrolysis and
microwave HTC for solid fuel production in terms of
yield and quality of products. Moreover, a brief
summary of parameters of microwave pyrolysis and
microwave HTC are discussed. The fuel, chemical,
structural and thermal weight loss characteristics of
solid fuels produced from different biomass are
discussed and compared.
Keywords Biomass  Microwave heating 
Pyrolysis  Hydrothermal carbonization  Solid char
1 Introduction
The energy crises have been exacerbated due to the
rapid increase in population (Sanchez-Silva et al.
2012) and industrialization therefore nations, espe-
cially developing countries, are very keen to introduce
new methods for energy generation to fill their energy
needs (Baloch et al. 2016). Renewable energy tech-
nology holds the promise to meet energy demands
(Idris et al. 2010). Among other methods, biomass
utilization for energy generation is receiving increased
attention by researchers due the renewability, envi-
ronmentally friendliness and sustainability of these
processes (Hossain et al. 2016). Biomass is a biolog-
ical matter consisting mainly of cellulose (C6H10O5)x,
hemicelluloses (C5H8O4)m, lignin [C9H10O3
(COH3)0.9–1.7]n, small extractives (Demirbas et al.
2011; Duku et al. 2011), fats, proteins (Verma et al.
2012), sugars, water, and ash with additional minor
components. The largest fraction of biomass is
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cellulose (35–50%), then hemicelluloses (20–35%)
and lignin (15–20%) and remaining 15–20% includes
proteins, fats, extractives and ash (Haghighi Mood
et al. 2013).
Generally, biomass is either dumped or burnt in an
open atmosphere. The burning of biomass causes the
emission of hazardous and toxic substances such as
dioxins, therefore studies are mainly focused on
effective utilization and recovery of energy by
converting biomass into commercially valuable and
environmentally benign chemicals and fuels (Mubarak
et al. 2016). Biomass can be converted into solid
(biochar/hydrochar), liquid (bio-oil, methanol, etha-
nol), gaseous fuels (hydrogen and synthetic gas)
(Chang et al. 2011), and other valuable chemicals
such as mesoporous materials (Yang et al. 2007).
Solid char production from biomass is receiving
much interest due to favorable characteristics such as
high energy density, high carbon content, and low
fibrous structure (Nizamuddin et al. 2016a). A number
of different techniques have been investigated for
conversion of biomass into different biofuels and
chemicals such as pyrolysis, liquefaction, gasification,
and hydrothermal carbonization (HTC) (Pramanik
2003; Lavanya et al. 2016; Go¨kkaya et al. 2016; Lin
et al. 2016). Pyrolysis and HTC are promoted as
producing greater char yield using both conventional
and microwave heating.
The conventional and microwave techniques differ
in the mode of heat transfer (Guiotoku et al. 2014). In
conventional heating, biomass is heated in a closed
vessel under pressure (60–100 bars) in the absence/
presence of a catalyst. However, there are some
drawbacks to conventional heating such as the heat/
energy losses, the uncontrolled nature of the process,
unwanted side reactions leading to lower yield,
superficial/non-selective heating, and longer residence
times (Meyer et al. 2011; Yin 2012; Tripathi et al.
2015; Tsubaki et al. 2012). To overcome such
shortcomings, microwave heating has been proposed
as substitute to conventional heating (Nu¨chter et al.
2004; Elaigwu et al. 2014a). In microwave heating,
heat is generated in the material by the molecular
interaction with electromagnetic waves (Guiotoku
et al. 2014). Microwave heating is cheaper, faster,
and a more energy efficient method for preparing a
variety of products such as hydrothermal chars
(Nu¨chter et al. 2004; Elaigwu et al. 2014a). It also
provides homogenous heating resulting in significant
reduction in reaction times (minutes to hours) than
conventionally heated processes (typically a half to
several days) due to the direct interaction of electro-
magnetic field with reactants (Rosa et al. 2014). Also,
power consumption (of the order of hundreds of
Watts) is lower for microwave heating than conven-
tional heating (typically over 1000 W) (Kharisov et al.
2012). These are important factors which can improve
the desired properties of product together with
enabling synthesis of new materials which are not
obtainable easily from other methods (Yang et al.
2002).
In this study, a brief summary of microwave
pyrolysis and microwave HTC for solid fuel produc-
tion is highlighted. Furthermore, a critical discussion
on the effect of process parameters of microwave
pyrolysis and microwave HTC on solid yield and
physico-chemical properties of solid product have
been studied. Moreover, a brief summary of the
chemical, structural and thermal properties of biochar
and hydrochar produced from microwave pyrolysis
and microwave HTC is discussed and compared.
2 Microwave processing of biomass for char
production
Over the last few years, microwave heating systems
have become attractive for researchers and have
dominated compared to using conventional heating
devices and reactors. This is due to the inherent
advantages provided by microwave heating over
conventional heating. In microwave heating, molec-
ular level heating leads to rapid and homogeneous
temperature elevation to occur. Additionally, micro-
wave heating is considered as more controllable and a
more cost and energy efficient method; hence it is
recognized as an alternative to conventional heating
(Mubarak et al. 2016). Microwave reactors and
conventionally heated devices and systems are mainly
differentiated by the mode of heat generation (Ania
et al. 2005). In conventional heating systems, the
source of heat is located outside of the bed, and the
heating of the bed is carried out by convection and/or
conduction. A temperature gradient is established
from the outside to the inner core of the bed by which
heat is transferred until steady state condition is
achieved (Mubarak et al. 2016). On the other hand, in
microwave systems, heat is produced throughout bulk
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of material in a way that microwave penetrates the
material resulting in the conversion of microwave
energy into internal energy (Mubarak et al. 2016).
Figure 1 illustrates the difference between conven-
tional and microwave heating. In the microwave
heating processes, the electromagnetic energy is
transformed directly into internal energy within the
material (Kappe et al. 2012). Depending on the
microwave frequency, the overall efficiency of the
microwave systems is 80–85% (Meredith 1998). This
technology can decrease the processing time and also
improve the overall quality of the product.
2.1 Microwave pyrolysis
Microwave pyrolysis was first time developed by
Tech-En Ltd, in Hainault, UK (Holland 1995; Holland
1994). Before that, the pyrolysis of biomass with
conventional heating was the focus for research.
Pyrolysis of biomass with conventional heating has
been carried out by a number of technologies includ-
ing fluidized bed, fixed bed, transported bed, screw or
augur, rotating cone and screw gates (Bridgwater
2012). The method of heating used was a traditional
conventional heating which is considered as an
indirect and slower process than microwave pyrolysis.
In conventional pyrolysis the heat transfer takes place
from the surface of the material to its center by
convection and conduction (Motasemi et al. 2015).
A number of studies on microwave pyrolysis have
been conducted describing the effect of different
parameters on yield distribution and characteristics of
the main product. The effects of parameters such as
microwave power (Hossain et al. 2016; Huang et al.
2015a, b), weight of the feed material/rate of feed
injection (Huang et al. 2015a; Lam et al. 2012),
temperature (Hossain et al. 2016; Huang et al. 2015a;
Al Shra’ah and Helleur 2014), presence of microwave
absorber (Al Shra’ah and Helleur 2014), feed type (Al
Shra’ah and Helleur 2014), carrier gas (Hossain et al.
2016; Beneroso et al. 2015), catalyst type (Yu et al.
2014), additives (Shang et al. 2015), heating source and
heating rate (Lam et al. 2012; Shang et al. 2015),
purging by flowgas (Lam et al. 2012), feed particle size
(Hossain et al. 2016; Shang et al. 2015), and the
lignocellulosic composition of biomass (Huang et al.
2015b) on product yield have been studied in literature.
The microwave induced pyrolysis produces all three
phases of products: solid, liquid and gas depending on
process parameters (Wang et al. 2015). Multi-target
products which might be obtained from microwave-
induced pyrolysis of biomass are shown in Fig. 2.
Comprehensive reviews on microwave pyrolysis are
reported in the literature (Mushtaq et al. 2014;
Motasemi and Afzal 2013). Table 1 shows an
Fig. 1 Difference between microwave and conventional heating (Bhattacharya and Basak 2016)
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overview of effect of different parameters on yield
distribution of microwave pyrolysis.
2.1.1 The effect of microwave power
An increase in microwave power causes an increase in
liquid and gaseous product yield with decrease in solid
yield (Wang et al. 2015). Greater production of
gaseous products by increasing the microwave power
during microwave pyrolysis was confirmed in another
study also (Huang et al. 2015b). It was observed in the
study that at 300 W microwave power, the liquid
product was dominant, while by increasing microwave
power from 300 to 500 W, the gaseous yield increased
by 12–15 wt%, liquid and solid yields decreased by
3–8 and 7–9 wt%, respectively (Huang et al. 2015b).
An increase in gaseous yield at higher microwave
power may be attributed to the self-gasification of char
after its formation during microwave pyrolysis
(Mene´ndez et al. 2007). Hossain et al. (2016) studied
the effect of microwave power on gaseous and solid
yields and found that lower microwave power supports
solid yield and hinders the gaseous yield and vice
versa. It was observed that the initial char yield at a
microwave power of 400 W was 28.04 wt%, which
further decreased to 16.57 wt% at a microwave power
of 900 W. In contrast, the hydrogen yield at 400 W
microwave power was 20.95 vol%, which increased
up to 33.53 vol% at 800 W microwave power. Liu
et al. (2014) reported the effect of microwave power
on yield distribution. It was observed that the gaseous
yields increased monotonically, solid yield dropped
monotonically, and liquid yield passed through a
maximum as microwave power increased from 300 to
600 W.
2.1.2 The effect of additives
In cases of poor adsorption of microwaves, increase in
temperature that takes place for an irradiated source
occurs slowly, with the result that slow or no pyrolysis
occurs. Therefore, to improve the microwave pyrol-
ysis process, additives or catalysts are used to reduce
the activation energy for pyrolysis which enhances the
heating rate of the samples. Higher heating rates cause
an increase in the pyrolysis temperature resulting an
improvement of the pyrolysis process (Wang et al.
2009). The catalysts employed can be key for process
innovation (Parshetti et al. 2013). The effect of
different additives as a catalyst on yield distribution
Fig. 2 Potential
applications of microwave
pyrolysis based products
(Zhao et al. 2011)
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from microwave pyrolysis of pine wood sawdust has
been reported in the literature (Chen et al. 2008). It
was observed that addition of catalyst (irrespective of
its acidic, basic or neutral nature and irrespective of its
solubility in water) causes a significant increase in
solid yield; decreases gas yields, and; the liquid yield
depends on the type of additive used (Chen et al.
2008). An increase in the solid yield might be
attributed to the effects of char formation by the
additives and to slow heating rates which support char
production (Chen et al. 2008). It was reported that
liquid yield increased at higher heating rates (Parshetti
et al. 2013). The higher yield of liquid product is due to
cracking reactions, which are promoted at higher
heating rates (Isahak et al. 2012; Mohan et al. 2006).
Shang et al. (2015) observed the effect of various
additives including silica carbon (SiC), activated
carbon, coke produced by microwave pyrolysis,
potassium carbonate (K2CO3), and sodium hydroxide
(NaOH) on the microwave pyrolysis of sawdust.
Different additives show different behavior influenc-
ing the yield percentage distribution. The presence of
SiC causes a decrease in the gaseous and oil yields
whereas NaOH and K2CO3 are gas supporting addi-
tives i.e. in the presence of activated carbon and
produced coal the solid and gaseous yields were
dominant and less bio-oil was obtained. In another
study (Yu et al. 2014), different catalysts including
calcium oxide (CaO), calcium carbonate (CaCO3),
nickel oxide (NiO), nickel trioxide (Ni2O3), aluminum
oxide (c-Al2O3), and titanium dioxide (TiO2) were
employed to study their effects on microwave pyrol-
ysis of sewage sludge. It was noted that the samples
treated with the catalysts supported gaseous product
formation. An increase in the formation of gaseous
products could be correlated to the reduction in char
formation. Budarin et al. (2009) studied the effect of
different catalysts such as ammonia, hydrochloric acid
(HCl), and sulphuric acid (H2SO4) on yields using
microwave pyrolysis of wheat straw and it was
observed that the bio-oil yield was affected signifi-
cantly by the addition of the catalysts.
2.1.3 The effect of particle size
The particle size of feed is also an important factor
which affects the pyrolysis process. In microwave
processes larger particle size supports pyrolysis (Ren
et al. 2012; Lei et al. 2009; S¸enso¨z et al. 2000). TheT
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effect of particle size on the microwave-induced
pyrolysis of sawdust was investigated at a microwave
power of 2000 W and 5 min treatment time. The
findings suggested that the pyrolysis was greatly
affected by particle size. Higher gas and liquid yields
were produced at larger particle size (Shang et al. 2015).
It is believed that themain reason for this is that for large
particles, the bulk density is small, affecting heat
transfer through the sample but, since gas is transparent
to microwaves, small bulk density means more gas
existing inside the particles, which will lead to non-
uniform electromagnetic wave distribution. Contradic-
tory observations have also been reported in other
studies. According to Mokhlisse et al. (2000) liquid
yield is considerably affected by particle size; more oil
yield is produced at lower particle size and oil yield
decreases as particle size is increased. This phenomenon
was attributed to the incomplete decomposition of the
kerogen under these conditions. Only the organicmatter
contained in the pores in contact with the external
surface or communicating with the surface created by
fissuration during pyrolysis, escapes outside. When the
particle size is small, themicrofissuration created during
the pyrolysis (Mokhlisse et al. 2000) allows exposure of
the pores containing the organic matter to the outside,
thus leading to better yields. In addition, inter-granular
elimination of the formedoil is difficult for large particle
sizes. This influence may also be because of a lag in the
formation of pyrolysis products for larger grains. Even if
the microwaves locally heat the organic matter, the
resulting oil is trapped in the closed pores of the large
particles. Another study suggesting that lower particle
size supports gaseous products whereas large particle
size causes an increase in solid fuel production. The
results of the study showed that the char yield at particle
sizes less than 1 mm was 18.3 wt%, whereas it
increased to 45.24 wt% for 10–12 mm particle size,
which was 147.07% greater than initial char yield
(Hossain et al. 2016). On the other hand, the hydrogen
yield percentage at particle size of 10–12 mm was
13.15 vol%, which increased to 30.36 vol% for a
particle size of less than 1 mm.
2.1.4 The effect of temperature
The reaction temperature during microwave pyrolysis
is an important factor affecting the yield distribution.
According to Hossain et al. (2016) a significant change
was noted in the formation of hydrogen, other gases
and char products during microwave pyrolysis of oil
palm fiber by varying the temperature from 450 to
700 C. It was reported that at lower temperatures
higher char and lower gas products were obtained
whereas when temperature increased the solid yield
decreases and gaseous yield rises. Yang et al. (2006)
studied the effect of temperature on yield distribution
of pyrolysis of oil palm waste. Similar observations
were reported that an increase in temperature leads to
an enhancement of the gaseous products by reduction
in the char formation. The higher gas formation at
higher temperature was supported by the fact that, at
high temperatures, more volatiles are freed from
biomass (Ioannidou et al. 2009). Higher microwave
power produces higher heating rates (Huang et al.
2008). Higher heating rates cause an increase in
thermal cracking, resulting in an increase in gaseous
yield and a decrease in char yield (Hossain et al. 2016).
Wang et al. (2009) compared the effect of temperature
on biochar yield by using both conventional and the
microwave heating. It was observed that the biochar
yield decreases when increasing the temperature from
400 to 700 C and there was no significant change
observed after 700 C. By comparing the solid yield at
the same temperature but different heating methods, it
was found that the biochar yield of conventional
pyrolysis was greater than microwave pyrolysis. This
behavior might be explained by two reasons: (a) there
was a self-gasification reaction between CO2 and char
during microwave pyrolysis (Mene´ndez et al. 2007),
which ultimately decreased the yield of biochar and
(b) the heating rate of the microwave oven was higher
than that of the conventional heating furnace, there-
fore, the biochar will absorb themicrowave energy and
promote the pyrolysis process, resulting in a decrease
in biochar (S¸enso¨z and Can 2002). Bu et al. (2012)
studied the catalytic microwave pyrolysis of lignocel-
lulosic biomass and investigated the effect of reaction
temperature on yield distribution. The gas yield
produced was between 36.8 and 46.6%. The liquid
yield increased from 32.3 to 38.8% initially by
increasing the temperature but it decreased to 36.2%
at higher temperatures. Moreover, the solid yield was
reduced by increasing the temperature.
2.1.5 The effect of reaction time
Reaction time is also considered as a significant
parameter which affects the yield distribution. It is
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observed that a longer reaction time supports declining
solid product yield while augmenting gaseous and
liquid product yields. The yield percentage of gaseous
and oil products improved rapidly up to 5 min and
then became constant (Wang et al. 2015). A study
conducted by Bu et al. (2012) reported that maximum
liquid yield was found at 12 min. Further, it was
revealed that the retention time was not as significant
for distribution of the product compared to catalyst to
biomass ratio and reaction temperature.
2.1.6 The effect of microwave receptor
Themicrowave receptor/absorber is also considered as
an important factor affecting the product distribution
and quality of the yield (Zuo et al. 2011). The main
role of the receptor in microwave pyrolysis is to
increase the interaction between the microwave
energy and biomass. Increasing the amount of
microwave receptor (e.g. lignite char) in the blend
causes a significant decrease in solid yield and
enhancement in oil and gas yields (Wang et al.
2015). A substantial effect of the presence of
microwave receptor on the pyrolysis products have
been found in the literature (Domı´nguez et al.
2005). The effects of char and graphite as microwave
receptors on the yield were compared to determine the
quality of the oil products. The results showed that the
oil yield obtained from the microwave pyrolysis with
char was higher than that obtained with graphite.
Moreover, it was proved that the use of graphite
instead of char as a microwave receptor favored the
cracking of large aliphatic chains to lighter species in
oil products (Domı´nguez et al. 2006). It is obvious that
the microwave receptor has a bearing on the yield and
the quality of the pyrolysis products, which could
determine the process efficiency and the formation of
desired compounds. However, little information is
available on how the microwave receptor affects the
processing conditions of the pyrolysis which further
needs to be explored.
2.2 Microwave HTC
The HTC process was first discovered by Bergius and
Specht in 1913. A carbon-rich product with lower
oxygen to carbon ratio (O/C = 0.1–0.2) was success-
fully produced. Later, the process was upgraded by
Berl and Schimdt (1932) by investigating the
conversion of various saccharides (Li et al. 2015).
Recently, HTC was rediscovered by various groups of
researchers (Satpathy et al. 2014; Elaigwu et al.
2014b; Elaigwu and Greenway 2016a). Usually, HTC
is carried out in the presence of pure water, under self-
generated pressures, (Bhattacharya and Basak 2016)
and in a closed receptacle at mild temperatures i.e. less
than 200 C (Guiotoku et al. 2009). The pathways for
formation of hydrochar are shown in Fig. 3. A solid
fuel with high carbon content, low fibrous structure
and high energy density produced from organic
materials such as agricultural waste, dung and fire
wood using HTC process is referred to as hydrochar
(Undri et al. 2014; Yuan et al. 2015). The hydrochar is
a smokeless and high carbon containing fuel holding
55–90%mass of the original mass of biomass feed and
80–90% of the energy content of the original feed
(Elaigwu and Greenway 2016b; Afolabi et al. 2015).
Various applications of hydrochars include; as a
carbon material; an amendment for soil; a solid fuel
which is comparable to brown coal for production of
energy; a dielectric material; a charcoal; a substitute
of activated carbon or carbon black; a component of
super-capacitor electrodes; a catalyst; a carbon cata-
lyst to use for fine chemicals production; a filter aid
for purification of water; a source of carbon seques-
tration; as a material to increase the efficiency of fuel
cells, and; as an absorbent to increase fertility and
productivity of soil (Guiotoku et al. 2009, 2014; Chen
et al. 2012; Elaigwu and Greenway 2016c; Chang
2014; Capunitan and Capareda 2013; Vhathvarothai
et al. 2014; Masnadi et al. 2015; Lehmann et al. 2006;
Fowles 2007; Glaser et al. 2002; Oliveira et al. 2013;
Nizamuddin et al. 2016b; Wei et al. 2011; Inoue 2010;
Heilmann et al. 2010; Hu et al. 2010; Liu and Zhang
2009; Mochidzuki et al. 2005; Titirici et al. 2007).
Possible applications of HTC hydrochar are well-
explained in Fig. 4.
HTC can be carried out using both conventional as
well as microwave heating (Afolabi et al. 2015).
Recently, microwave HTC has been given preference
over conventional HTC due to inherent advantages
provided by microwave HTC. Microwave HTC is an
innovative, technologically efficient, environmentally
friendly (Guiotoku et al. 2009) and an energy efficient
method which reduces the processing time greatly
(Elaigwu and Greenway 2016a). Combining
hydrothermal processing with microwave heating
makes thermal treatment greener, faster, and more
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efficient (Elaigwu and Greenway 2016c; Demirbas¸
2001; Nizamuddin et al. 2016b). Microwave
hydrothermal processing for chemical transformation
in water is an efficient process because water can be
superheated in closed vessels (Demirbas¸ 2001). Water
is a clean, renewable, non-flammable, noncorrosive,
readily available, and cheap green solvent. It is also an
effective absorber of microwave energy (Arami-Niya
et al. 2011), therefore water is preferred for microwave
hydrothermal processing of biomass (Parikh et al.
2005). Many studies have been conducted using
microwave HTC of biomass (Nizamuddin et al.
2016a; Li et al. 2015; Elaigwu et al. 2014b; Elaigwu
and Greenway 2016a, b; Guiotoku et al. 2009; Afolabi
et al. 2015).
Microwave assisted HTC produces an aqueous
suspension of carbon-rich materials with oxygen-
substituted components (Nizamuddin et al. 2016a).
Different operating parameters including reaction
temperature (Hossain et al. 2016; Elaigwu and
Greenway 2016a; Afolabi et al. 2015); residence time
(Elaigwu and Greenway 2016a, b; Guiotoku et al.
2009; Afolabi et al. 2015); biomass type; particle size;
microwave power; flow rate of purge gas (Hossain
et al. 2016); the concentration of catalyst (HCl) (Li
et al. 2015), and; the solid to liquid ratio are important
factors affecting the reaction products as well as the
physico-chemical characteristics of the products dur-
ing microwave irradiation (Elaigwu and Greenway
2016a; Chen et al. 2012, 2014; Guo et al. 2016; Zhu
et al. 2014). A summary on the effect of different
parameters of microwave HTC on hydrochar yield is
given in Table 2.
2.2.1 The effect of reaction time
Reaction time is considered as a significant parameter
which affects the biomass conversion as well as the
composition of the main products in the HTC process
(Oasmaa and Czernik 1999). Generally, HTC is
Fig. 3 Reaction mechanism for hydrochar synthesis during HTC
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known as a slow process and the reported reaction time
for HTC ranges from minutes to several days. The
effect of reaction time on the mass yield of hydrochar
was studied from 5 to 30 min during microwave HTC
of rapeseed husk. It was observed that higher yields of
hydrochar were obtained at the lower times and it
decreased rapidly with an increase in reaction time up
to a certain limit—after that limit it subsequently
became stable. Up to 13.38% mass loss was noticed
during 5 and 20 min reaction time (Elaigwu and
Greenway 2016a). Afolabi et al. (2015) noticed a
reduction of up to 9% in solid yield percentage by
increasing the residence time. Guiotoku et al. (2009)
studied the microwave induced HTC of lignocellu-
losic materials including pine sawdust and a-cellulose
at 200 C for 60, 120, and 240 min in the presence of
citric acid as a catalyst. The results revealed contra-
dictory behaviour on the effect of reaction time. The
solid yield increased for pine sawdust but decreased
for a-cellulose when increasing reaction time from 60
to 240 min. An increase in solid yield of pine sawdust
with increasing reaction time was linked to side
reactions of volatile compounds in pine sawdust. Pine
sawdust contains more volatile compounds than a-
cellulose due to the presence of lignin and hemicel-
lulose (Guiotoku et al. 2009). A similar trend of a
decrease in solid yield with increasing reaction time
was observed in a study conducted by Chen et al.
(2012). Elaigwu and Greenway (2016b) conducted a
comparative study of conventional and microwave
assisted HTC including the effect of reaction time on
solid yield percentage. In microwave HTC, the effect
of reaction time was investigated by varying reaction
time between 5 and 20 min. A strong decrease in solid
yield was noted by increasing reaction time. The solid
yield obtained at 5, 10, 15, and 20 min reaction times
was 36.37 ± 2.01, 33.01 ± 0.98, 32.21 ± 1.55 and
30.60 ± 2.13%, respectively. It is reported in the
literature that an increase in reaction time up to a
certain level in HTC process has an effect on yield.
After achieving that level, further increase in reaction
time does not have any effect on mass yield as
complete hemicellulose and substantial cellulose
decomposition has occurred (Jacobson et al. 2013).
However, in a different study (Elaigwu and Greenway
2016c), different mass yield percentages for solid
product, obtained at 200 C, were reported for varying
reaction time from 15 to 60 min. The yield percentage
of solid product increased from 15 to 45 min, whereas
it decreased afterward.
2.2.2 The effect of reaction temperature
Elaigwu and Greenway (2016a) investigated the effect
of reaction temperature on mass yield during micro-
wave HTC. The temperatures studied were 150, 170,
and 200 C. A rapid decrease in mass yield was
observed with an increase in temperature; 19.21%
mass loss was observed at 200 C. The effect of
reaction temperature on char yield was studied by
Yuan and Macquarrie (Demirbas 2004). They studied
the microwave hydrolysis of ascophyllumnodosum at
Fig. 4 The schematic showing possible applications of hydrochars from HTC
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different temperatures including 120, 150, and
180 C. A similar trend of decrease in solid yield
percentage with increasing reaction temperature was
observed. The yield percentages obtained at 120, 150,
and 180 C were 40.13, 34.53, and 26.62%, respec-
tively. A similar behaviour for the effect of temper-
ature on solid yield percentage was observed in a study
conducted by Chen (2012). They studied microwave
torrefaction/HTC of sugarcane bagasse in the temper-
ature range of 210–290 C. The higher yield of solid
product (93.2%) was obtained at 210 C, which
decreased to 52.6% at 290 C. Afolabi et al. (2015)
conducted research work on microwave assisted HTC
of human bio-wastes and studied the effect of reaction
temperature on solid yield percentage by varying
temperature from 160 to 200 C. It was observed that
the solid yield decreased up to 7.21 and 11.39% by
increasing temperature from 160 to 180 C and
200 C, respectively. The higher yields of solid
product were obtained at lower temperatures and solid
yield decreased with increasing reaction temperature
(Elaigwu and Greenway 2016c). This is because
higher temperatures support gasification reactions
which cause the loss of a carbon in the form of
volatile compounds (Nizamuddin et al. 2015a, b).
2.2.3 The effect of catalyst
The type of catalyst and its concentration also play an
important role in the conversion of biomass into
biofuels. Yuan and Macquarrie (Demirbas 2004)
investigated the effect of H2SO4 catalyst at different
concentrations (0, 0.1, 0.2, and 0.4 M). It was found
that the highest yield of char was obtained in the
absence of H2SO4. Additionally, it was also observed
that the solid yield percentage decreased when
increasing the concentration of H2SO4, suggesting
that lower concentration gives greater transformation
of biomass into solid yield. The yield percentages
obtained in the absence of H2SO4 and in the presence
of H2SO4 at concentration of 0.1, 0.2, and 0.4 M were
39.07, 34.53, 33.56, and 32.16%, respectively. Chen
et al. (2012) studied HTC of sugarcane bagasse in the
absence of catalyst and in the presence of the H2SO4
catalyst at 0.1 M concentration. They observed similar
results to Yuan and Macquarrie (Demirbas 2004). The
maximum solid yield was 70.4% at 180 C reaction
temperature, 0.1 solid to liquid ratio, and 5 min
reaction time in the absence of catalyst, which
decreased to 48.1% with the same parameters but
with the addition of 0.1 M concentration of H2SO4
catalyst.
2.2.4 The effect of feed type and its composition
Different feed materials and their composition also
affects the solid yield percentage during microwave
HTC of biomass. Microwave HTC of two human bio-
wastes i.e. sewage sludge and human faecal sludge
was studied by Afolabi et al. (2015). They found
Table 2 A review on the effect of process parameters of microwave HTC on solid yield
References Temperature
(C)
Time
(min)
Biomass Catalyst/
additives
Solid yield percentage (%)
Elaigwu and
Greenway
(2016a)
150–200 5–30 Rapeseed husk – 47.14
Chen et al.
(2012)
80–140 12 Nannochloropsis Occulata,
Chlorogloeopsis Fritschii,
Pseudochoricystis Ellipsoidea
NaCl 27.8–50.3
80.3–84.0
77.1–85.0
Li et al. (2015) 180 5–30 Bamboo HCl
(0–0.4 M)
36.01–96.15
Elaigwu and
Greenway
(2016c)
200 5–60 Anhydrous D-glucose Deionized
water
20.69 ± 1.48–40.03 ± 0.98
Satpathy et al.
(2014)
– 10–20 Wheat straw – 64.0–97.8
Barley straw 42.7–97.4
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varying solid yield for both feed materials and
hypothesized that the difference between solid yields
of both materials is because of the type and nature of
the feed materials. Another study (Saidur et al. 2011)
also found solid yield percentage of HTC was
sensitive to both the nature and the type of the
feedstock.
2.2.5 The effect of microwave power
Microwave power is also considered as a parameter
affecting the mass yield percentage. It is noted that
higher mass yield is obtained at lower microwave
power and mass yield percentage decreases with an
increase in microwave power (Satpathy et al. 2014). A
decrease in mass yield percentage with an increase in
microwave power may be because of higher weight
loss drying, volatilization, and decomposition of
feedstock (Chadwick et al. 2014).
3 Chemical and physical properties of biochar
and hydrochar using microwave pyrolysis
and microwave HTC
Char is considered as a candidate for solid fuel because
of its physicochemical characteristics, i.e. elemental
analysis, proximate analysis, HHV value, and low
fibrous structure which are comparable to sub-bitumi-
nous or lignite coal (Nizamuddin et al. 2016a).
Moreover, it exhibits strong mechanical strength, high
surface area, and satisfactory distribution of pore size
making it suitable for other applications as well. Char
production provides advantages such as utilization of
biomass, energy generation, and mitigation of envi-
ronmental concerns by not using petroleum fuels.
Lignocellulose biomass consisting mainly of lignin is
preferred for char production. Biomass with higher
lignin content favors char production due to the
complex branching of lignin, which is hard to degrade
(Peterson et al. 2008), whereas it was noted that
biomass with lower lignin content produces more bio-
oil and less char (Zhong and Wei 2004).
3.1 Fuel properties
Generally, higher heating value (HHV), ultimate and
proximate analyses are used as a measure of fuel
properties. The HHV is an important parameter to
describe the quality of the fuels. It provides informa-
tion about the energy content of fuels (Elaigwu and
Greenway 2016c). Generally, a fuel is considered as a
better fuel if it has a greater HHV value because fuels
with lower HHV tend to cause problems with flame
stability. However, flame stability problems due to
lower HHV of biomass/biofuels might be reduced by
blending with coal (Demirbas 2004), (Saidur et al.
2011). The HHV of any biomass can be anticipated by
measuring the ultimate analysis, proximate analysis or
fiber analysis (Demirbas¸ 2001; Parikh et al. 2005). The
determination of elemental composition i.e. hydrogen,
carbon, oxygen, sulfur, and nitrogen content is known
as ultimate analysis (Khan et al. 2009). It defines,
approximately, the amount of oxygen required for
burning of fuels and biomass together with providing
information about the quantity and composition of gas
released during combustion of fuels or biomass
(Chang 2014). The proximate analysis quantifies the
amount of fixed carbon, volatile matter, ash, and
moisture contents in any biomass/fuel (Khan et al.
2009). The main purpose of studying the proximate
analysis of any material is to find the ratio of
combustible constituents (volatile matter and fixed
carbon) to noncombustible substances (ash and mois-
ture contents). The ratio of combustible substances to
noncombustible substances is important to determine
the energy content of any fuel or biomass. The
ultimate analysis, proximate analysis, HHV, and
metallic composition of biochars produced from
different biomass materials using microwave pyroly-
sis and those of hydrochars produced from various
biomass materials using microwave HTC are listed in
Tables 3 and 4, respectively and compared to those of
coals of different origin in Table 5.
It is observed that, irrespective of the process of
char production generally char contains high carbon
content, fixed carbon content and HHV, and low ash,
oxygen and moisture contents. For a good fuel, higher
carbon content and higher fixed carbon are necessary
with lower moisture, ash and oxygen contents. Higher
amounts of fixed carbon are also desired for carbon
sequestration as it represents the amount of carbon
which is not easily biodegraded and has potential for
ground burial for carbon credits (Xu et al. 2013).
Higher moisture content is undesirable in any fuel
because higher moisture hinders the combustion rate
as well as reducing the heating value. It also causes
ignition problems and reduces combustion
123
Rev Environ Sci Biotechnol
12
temperature. Moreover, utilization of fuels containing
higher moisture contents leads to greater usage of
energy thus generating more flue gases (Demirbas
2004; Khan et al. 2009). The moisture content may be
decreased by fractional distillation. Similarly, higher
oxygen contents cause thermal instability (Chang
2014), therefore it is desirable for a good fuel to have
lower oxygen content. Higher ash content is also
undesirable as it causes fouling and blocking of the
reactor. Extensive washing of feed materials for
decreasing ash content may be required prior to fuel
combustion (Capunitan and Capareda 2013).
The HHV of microwave assisted pyrolysis biochar
and microwave induced HTC hydrochar are similar to
high-rank coals and low-rank coals, respectively. The
higher values of HHV of biochars and hydrochars are
attributed to the composition of the feedstock mate-
rials. It is observed that the HHV of hydrochars
depends significantly on the composition of the
feedstock (Guo et al. 2016). The HHV of hydrochars
is sensitive to both reaction temperature and reaction
time (Afolabi et al. 2015). The carbon percentage in
biochar, produced from microwave pyrolysis, is
higher than both coal and microwave assisted HTC
hydrochar. However, coal has higher carbon content
than hydrochar produced from microwave based HTC
process. The higher carbon content in the biochar than
the hydrochar confirms that the biochar was more
decomposed during pyrolysis than HTC, and this
resulted in more aromatization of the biochar due to a
significant decrease of oxygen and hydrogen content
(Guiotoku et al. 2009). On the other hand, the
microwave produced hydrochar and coals contain
higher hydrogen content than microwave based
biochar. Lower hydrogen and carbon contents in any
fuel tend to decrease the HHV of fuels (Nizamuddin
et al. 2016a). It can be noted from Tables 3, 4 and 5
that coal contained lower oxygen content than
microwave produced biochars and hydrochars.
Further, carbon content was increased and oxygen
content was decreased in biochar and hydrochar after
microwave pyrolysis and microwave HTC of biomass.
A gradual increase in carbon content and decrease in
oxygen and hydrogen contents of hydrochar with
reaction time is attributed to loss of oxygen and
hydrogen through dehydration, deoxygenation, and
decarboxylation reactions (Elaigwu and Greenway
2016c). According to Satpathy et al. (2014) an
increase in carbon content and a decrease in hydrogen
and oxygen contents are linked to increase in
microwave power and reaction time. Volatiles are
removed at higher reaction time and microwave power
during microwave torrefaction resulting in increased
carbon content and decreased hydrogen and oxygen
contents. Demirbas (2008) reported that a decrease in
oxygen and hydrogen contents occurs at higher
processing temperature because higher temperatures
mainly correspond to the scission of the weak bonds
within the char structure. The presence of oxygen
content in higher quantity in fuels is not preferred as it
reduces HHV, but its presence does provide some
advantages. Higher oxygen content tends to improve
the combustion characteristics, ultimately causing
reduction in the emission of carbon monoxide (Jacob-
son et al. 2013). In addition to that, the lower nitrogen
and sulphur contents in microwave assisted biochar
and microwave assisted hydrochar makes them a
suitable contender as environmentally benign solid
fuel.
Regarding proximate analysis, for a good quality
fuel higher fixed carbon content and lower volatile,
ash, and moisture contents are desirable. Higher
amounts of volatile matter in any biomass/biofuel
tend to affect the direct combustion or co-combustion
with coal consequently causing a decrease in com-
bustion performance and enhancement in pollutant
emissions (Pala et al. 2014). Despite higher moisture
content having unwanted effects, there are some
advantages such as a reduction in the production of
nitrogen oxide as well as maintaining a uniform
temperature profile in engine cylinders (Oasmaa and
Czernik 1999). It is observed from data provided in
Tables 3, 4 and 5 that a higher content of fixed carbon
is present in microwave induced biochar than coal and
microwave HTC hydrochar. Also coal has higher fixed
carbon values than microwave assisted hydrochar. The
amount of fixed carbon increased in biochars and
hydrochars compared to their respective feed materi-
als after microwave pyrolysis and microwave HTC,
which might be credited to the removal of volatile
matter during processing of biomass (Arami-Niya
et al. 2011). The volatile matter corresponds to the
fraction emitted as gaseous species (H2, CH4, CO, and
CO2) and organic molecules of low molecular mass
(Guiotoku et al. 2014). Volatile matter occurs in lower
quantity in biochars compared to hydrochars. This is
attributed to the higher reaction temperature of the
pyrolysis process. High temperatures result in removal
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of almost all volatile substances present in the samples
(Guiotoku et al. 2014). Ash content is observed to be
lower in microwave assisted HTC hydrochar than coal
and microwave assisted pyrolysis biochar. This is
because most of the inorganic compounds present in
biomass feedstock were dissolved into the water
during HTC process (Elaigwu and Greenway 2016b).
3.2 Structural properties
Brunauer–Emmett–Teller (BET) characteristics
including BET surface area, micropore volume, and
total pore volume of different biochars and hydrochars
produced by microwave pyrolysis and microwave
HTC of different biomass are listed and compared in
Table 6. It is noted that the BET characteristics for
both biochars and hydrochars were improved com-
pared to their respective feedstock biomass after
microwave processing (Pyrolysis or HTC). An
increase in BET surface area is attributed either to
phase change and breaking of a hydrogen bond or to
the reaction time and reaction temperatures, which
causes breakage of the fibrous structure of material,
consequently producing/widening pores on the surface
of the solid product (Nizamuddin et al. 2016b; Chen
et al. 2014).
While comparing the BET characteristics of
microwave assisted pyrolysis biochar and microwave
assisted HTC hydrochar, it was observed that micro-
wave assisted pyrolysis biochar has better BET
characteristics including higher BET surface area,
micropore volume, and total pore volume than
microwave assisted hydrochar. More favourable
BET characteristics of microwave assisted biochar
makes it a more suitable candidate for different
applications, i.e. as absorbent, catalyst, super-capac-
itors for storage of electrical energy and storage of
hydrogen, than microwave assisted HTC hydrochar.
The BET characteristics of microwave assisted HTC
hydrochar might be improved so as to be suitable for
the above applications by addition of catalysts, by use
of thermal or chemical activation, or by increasing the
reaction time and particle size of the feed materials
(Nizamuddin et al. 2015a, b; Xu et al. 2013).
Gopakumar et al. (Thangalazhy-Gopakumar et al.
2015) conducted a study on the KOH activation of a
sewage sludge biochar with lowBET surface area. The
results showed an eight times increase in surface area
after KOH activation. During activation, inorganicT
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materials such as ash content and alkaline soluble
components were eluted with KOH solution, which
caused an increase in surface area.
The Fourier transform infra-red (FTIR) spectra at
wave numbers of 400–4000 cm-1 are used to find the
functional groups attached to the surface of solid
materials. Such compound spectra provide informa-
tion related to the bonds present, thus giving detailed
molecular structure of the particular compound
(Chadwick et al. 2014). The FTIR spectra of
microwave assisted pyrolysis biochar and microwave
assisted HTC hydrochar from different biomass were
studied in a number of research works.
Elaigwu and Greenway (2016a) performed FTIR
analysis of hydrochar produced by microwave HTC of
rapeseed husk. They reported that the intensity of
spectra for feedstock and hydrochar were different
indicating that changes took place during microwave
HTC. They observed that the peaks in the range of
3600–3000 and 1200–100 cm-1 were weak in hydro-
char suggesting that decarboxylation and dehydration
reactions took place during microwave HTC (Parshetti
et al. 2013). The absence of a peak in the range of
1800–1600 cm-1 in hydrochar shows the decomposi-
tion of cellulose. A reduction in a peak ranging
between 1600 and 1500 cm-1 indicated partial
decomposition of lignin (Liu et al. 2013). A peak in
the region\ 1000 cm-1, which was present only in
hydrochar suggested the distortion of C-H bonds in
aromatic compounds (Jamari and Howse 2012). A
similar trend for FTIR of hydrochar produced from
microwave HTC of lignocellulosic waste and glucose
was also observed (Elaigwu and Greenway 2016b;
Elaigwu and Greenway 2016c). Another study was
conducted on microwave HTC of cellulosic raw
materials and they also studied the effect of micro-
wave HTC on FTIR spectra after microwave HTC
process (Guiotoku et al. 2014). It was observed that a
band near to 2900 cm-1 decreased with an increase in
the time of carbonization indicating that some molec-
ular changes occurred in the structure of a cellulose
material during microwave HTC. A decrease in the
spectrum ranging between 1830 and 730 cm-1 was
attributed to O–H and C=O stretch, suggesting that
dehydration reaction took place with the loss of water
and subsequent formation of ketones and carbonyl
groups.
FTIR spectra of biochar produced from microwave
pyrolysis of algal and lignocellulosic biomass were
studied by Wang et al. (2015). Significant changes
were observed in FTIR spectra of compounds for
biochar after microwave pyrolysis. The intensity of all
functional groups declined after pyrolysis which was
credited to the removal of volatiles during pyrolysis.
The peaks in 3700–3000 cm-1 almost disappeared
and the peak intensity in the region of
3000–2800 cm-1 decreased significantly at longer
reaction times suggesting the removal of methyl
groups from the substituted aromatic rings (Yuan
et al. 2015). A decrease in the intensity of bands in
Table 5 Elemental, proximate, and HHV analyses of coals from different origins
Coal type Elemental analysis Proximate analysis HHV (MJ/
kg)
References
C H O N S FC VM MC Ash
Australian bituminous coal 81.6 6.84 9.8 1.19 0.6 33.0 39.6 3.8 23.6 27.06 Vhathvarothai et al.
(2014)
Quinsam Mine coal (Vancouver
Island)
80.3 5.5 12.6 0.9 0.7 49.1 38.0 4.2 12.9 28.4 Masnadi et al. (2015)
Indonesian sub-bituminous coal 71.5 4.9 22.5 0.9 0.1 46.8 50.2 – 3.0 28.7 Buratti et al. (2015)
Chinese lignite coal 63.6 5.8 28.7 1.4 0.5 26.7 50.1 8.1 23.2 17.7 Fu and Wang (2014)
Chinese bituminous coal 73.4 3.6 21.7 0.7 0.6 59.7 31.4 13.5 8.9 21.7 Fu and Wang (2014)
Columbian coal 70.2 4.8 22.7 1.2 1.0 52.5 36.9 – 10.6 27.9 Becker et al. (2015)
South African coal 67.5 3.7 26.8 1.3 0.6 56.1 25.8 – 18.0 26.1 Becker et al. (2015)
Southern Indiana coal 64.4 4.5 7.0 1.2 4.1 35.2 28.7 21.4 14.7 21.2 Massaro et al. (2014)
Bituminous coal 75.6 5.0 10.2 1.7 0.6 54.6 38.7 – 6.7 31.3 Gil et al. (2015)
Fugu sub-bituminous coal 77.3 4.4 14.0 1.0 0.2 – 36.4 4.8 3.2 29.9 Guo and Bi (2015)
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1740–1720 and 1580–1480 cm-1 was noted showing
that a decrease in aromatic substitution was consistent
with the decrease in oxygen containing groups such as
C=O, C–O, and CH3–O. A decrease in intensity
between 900 and 750 cm-1 implied that fused rings
were formed at longer residence time. Huang et al.
(2015a) studied biochar production from microwave
pyrolysis of rice straw. The FTIR spectra of produced
biochar also were studied and it was observed that the
spectra for raw rice straw and biochar were similar.
The main difference was observed at 2900 and
1100 cm-1, respectively. A decrease in signal strength
at 1100 cm-1 might be correlated to the removal of
hemicellulose content of rice straw after microwave
pyrolysis. The results further revealed that only a
small portion of lignin and cellulose was decomposed
after microwave pyrolysis of rice straw at 250 W
microwave powers. Wang et al. (2009) suggested that
the change in FTIR spectra was related to the reaction
temperature. It was observed that at a temperature of
400 C, the functional groups present in microwave
assisted biochar were O–H, C–Hn, C=O, C=C, C–H.
As temperature increased to 500 C, the hydroxyl
groups were almost removed while other groups were
significantly decreased. At a temperature of 600 C,
there were no IR absorption spectra indicating that the
organic matter has been transformed to carbon.
According to Januri et al. (2016), lower times do not
affect the FTIR spectra. It was observed that from 10
to 30 min, the functional groups remained nearly the
same with only the functional groups such as O–H, O–
NO2, and CO2 removed at earlier times. There was a
significant decrease in hydrocarbon content in solid
biochar when the time was increased from 40 to
60 min. Low hydrocarbon content in biochar is
essential for favorable solid fuel characteristics
because the hydrocarbon may form pollutant gases
during combustion.
Field emission scanning electron microscopy/scan-
ning electron microscopy (FESEM/SEM) is consid-
ered as a potential technique to investigate the
morphological structure of biomass and products of
biomass from different treatments (Nizamuddin et al.
2015a). The effect of microwave HTC on
Table 6 Physical properties of biochars and hydrochars produced from microwave pyrolysis and microwave HTC of different
biomass
Particle size
(lm)
Surface area
(m2/g)
Micropore volume
(cm3/g)
Total pore volume
(cm3/g)
References
Biochar source materials
Waste oil 20–30 124.0 0.065 0.13 Lam et al. (2015)
Rice husk – 217.0 – 0.131794 Wang et al. (2015)
Washed rice husk – 267.8 – 0.195726 Wang et al. (2015)
Pretreated rice husk – 187.7 – 0.131710 Wang et al. (2015)
Washed and pretreated
rice husk
– 157.8 – 0.105395 Wang et al. (2015)
Sewage sludge – 24.8–51.5 0.006–0.010 0.027–0.035 Motasemi and Afzal
(2013)
Rice straw – 93.0–122.2 0.015–0.029 0.063–0.083 Motasemi and Afzal
(2013)
Rice straw – 31.6–122.2 0.007–0.029 0.034–0.083 Huang et al. (2015)
Wheat straw – 7.0–128.7 – 0.010–0.094 Wang et al. (2009)
Hydrochar source materials
Prosopis Africana shell 9.32 – – Elaigwu et al. (2014b)
Organic materials 7.16 0.054 0.0044 Zhu et al. (2014)
Lignocellulosic waste 6.1 – – Elaigwu and Greenway
(2016b)
Glucose 3.3 – – Elaigwu and Greenway
(2016c)
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morphological structure of hydrochar produced from
cellulosic material was investigated by Guiotoku et al.
(2012). It was observed that the morphological
changes occurred in hydrothermally carbonized pro-
duct using microwave HTC. The carbonized product
mainly consisted of aggregate microspheres of about
2.0 lm diameter. The changes in the morphological
structure of hydrochar produced from microwave
HTC of rapeseed husk suggested that the feedstock
material has been altered during microwave HTC
(Elaigwu and Greenway 2016a). Aggregates of
sphere-like microparticles of 1–10 lm with rough
texture were observed. The rough texture of the
microparticles was attributed to the residual lignin
content in hydrochar. Guiotoku et al. (2009) studied
the effects of microwave HTC on the morphological
structure of pine sawdust and a-cellulose. It was
observed that hydrochar produced from pine sawdust
had a similar structure as the feed material. A
significant change in hydrochar of a-cellulose was
noted, a-cellulose were mainly composed of fibrous
morphology and agglomerated fibers were trans-
formed into spherical particles of a size of around
1.2–2.0 lm diameter after microwave HTC.
The effect of microwave pyrolysis on morpho-
logical structure of biochar produced from sawdust
was studied by Shang et al. (2015). The micropores
with more open structures were found in biochars
after microwave pyrolysis. Bhattacharya and Basak
(2016) studied the effect of both conventional and
microwave pyrolysis on morphological structure of
oil palm biomass. It was observed that large and
deep cracks were present in conventionally pyrol-
ysed biochar whereas pores without cracks were
observed in the biochar produced from microwave
pyrolysis. Hossain et al. (2016) performed the SEM
analysis of biochar produced from microwave
pyrolysis of oil palm fiber. A certain structural
distortion was observed for char. Relocation and
removal of cell wall matrix material was observed
in the char indicating that the cell structure of feed
material was broken at a high temperature. These
solid cells were strongly bound in the feed material.
According to Wang et al. (2009) the surface pore
size of biochars decreased gradually with increasing
pyrolysis temperature indicating that the char may
melt and deform and the pores might shrink or even
close at higher temperatures.
3.3 Thermo-gravimetric properties
Thermo gravimetric analysis (TGA) has been recog-
nized as an effective method for investigating the
combustion and thermal performance of various
materials such as biomass, biofuels, coal, and blends
of coal and biomass. It determines changes taking
place in weight of the sample material at the set
condition of temperature in a closely controlled
atmosphere (Idris et al. 2010; Parshetti et al. 2013;
Lapuerta et al. 2004). General behavior of decompo-
sition for lignocellulosic biomass and biomass-derived
materials could be divided into four subsections:
(a) removal of light volatile components and moisture
content, which normally takes place at a temperature
of less than 120 C, (b) deterioration of hemicellulose
taking place at a temperature of 220–315 C, (c) lignin
and cellulose decomposition which occurs at
315–400 C, and finally (d) lignin degradation taking
place at temperature of higher than 450 C (Sanchez-
Silva et al. 2012; Yang et al. 2007). According to Di
Blasi (2008), the maximum thermal rates of degrada-
tion for hemicellulose and cellulose in beech wood
were developed at 290 and 350 C, respectively.
Lignin starts to degrade thermally from 250 C, while
it is completely degraded at higher temperatures above
400 C (Brebu and Vasile 2010; Gani and Naruse
2007).
Chen et al. (2012) studied thermal behavior of raw
sugarcane bagasse and torrefied sugarcane bagasse
under microwave heating. It was observed that,
regardless of process conditions, thermal decomposi-
tion occurred mainly at temperatures of 250–400 C.
Elaigwu and Greenway (2016b) investigated the
thermal weight loss behavior for hydrochars produced
by both conventional and microwave heating. A
similar behavior for both hydrochars was observed.
The results for TGA curves were divided into three
stages of weight loss: \ 200, 220–410 and
410–650 C. A slight weight loss was observed at
the first stage, which corresponded to the removal of
moisture content and volatile compounds (Parshetti
et al. 2013; Islam et al. 2015). The second stage was
attributed to the cellulose and hemicellulose decom-
position. During this stage, the chemical bonds start to
break and release of lightest volatile compounds takes
place (Parshetti et al. 2013; Lapuerta et al. 2004). The
third stage of combustion was credited to the thermal
degradation of lignin. Generally, the decomposition of
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lignin occurs slowly throughout the whole temperature
range used (Yang et al. 2007). Elaigwu and Greenway
(2016a) reported the TGA behavior of hydrochar
produced from microwave HTC of rapeseed husk and
three stages of weight loss were observed. The first
stage was observed at 50–200 C suggesting the
removal of moisture content present in hydrochar.
The second stage was noted at 220–410 C showing
the decomposition of hemicellulose and cellulose. The
third stage was observed at 410–680 C, which
represents the decomposition of lignin.
Shang et al. (2015) studied the TGA weight loss
behavior of biochar produced from microwave pyrol-
ysis of sawdust. It was reported that 3% weight loss
was recorded at 105 C which showed the evaporation
of moisture content present in biochar. There was no
specific weight loss observed between 120 and 250 C
indicating that moisture and other volatile matter was
completely removed and pyrolysis had not started. The
main mass loss occurred at temperatures of
280–530 C due to pyrolysis. The final residue weight
detected at 600 C was 18.37–19.95%. Zhao et al.
(2010) reported the mass loss behavior of cornstalk
bale during microwave pyrolysis. About 4.7% of
weight loss was observed at temperatures below
100 C showing that the cornstalk bale was dried
completely. Total mass loss of 8.8% was noted at
180 C temperature. There was a mass loss of 45% or
more over 180–450 C due to the endothermic
decomposition of hemicellulose and cellulose (Schro¨-
der 2004). The final mass of the residue was recorded
between 35 and 40% after pyrolysis. Hossain et al.
(2016) investigated the thermal behavior of biochar
produced from microwave pyrolysis of oil palm fiber.
They reported that there was little moisture content in
biochar because most of the moisture was removed at
the higher temperature of pyrolysis. Only 2.1% weight
loss was noted at 100 C. There was a little mass loss
observed at the temperature of 260–382 C because
the molecules of low molecular weight were already
removed due to the higher temperature of pyrolysis.
The final residual weight for biochar was 14.58%.
4 Critical discussion
Biomass has a massive potential to meet the energy
demands of the developing world. Biomass can be
converted into a variety of products and biofuels
including liquid, gaseous, and solid fuels. Solid char is
a prospective contributor for the future energy sector
due to the huge availability of resources [As per an
estimate, photosynthesis produces 220 billion dry
tonnes of biomass per year globally (Johansson 1993;
Ramachandra and Shruthi 2007)], supporting physic-
ochemical properties, and greater HHV. Even though
being a better quality fuel, the solid chars have some
deficiencies which make it difficult to get recognition
as a fuel suitable for industrial production. These
deficits (lower hydrogen and carbon contents, higher
ash, moisture, and oxygen contents, lack of the
appropriate process for feed preparation and pretreat-
ment and higher cost of maintenance) must be
addressed before it may be adopted as an industrially
fuel and a potential substitute for coal. There is a
quantity of work conducted on lab scale for conversion
of different biomass materials into a solid char.
Pyrolysis and HTC are common technologies used
for lab-scale production of solid fuel from biomass.
Both pyrolysis and HTC process can be conducted
using conventional or microwave heating source.
Microwave heating has been recognized as an inno-
vative, efficient and environmentally friendly source
of heating compared to conventional heating. How-
ever, higher solid yield can be obtained by conven-
tional heating than microwave heating. By comparing
the solid yield at the same temperature but different
heating methods, it was found that the biochar yield of
conventional pyrolysis was greater than microwave
pyrolysis. This behavior might be explained by two
reasons: (a) there was a self-gasification reaction
between CO2 and char during microwave pyrolysis
(Mene´ndez et al. 2007), which ultimately decreased
the yield of biochar and (b) the heating rate of a
microwave oven was higher than that of a conven-
tional heating furnace, therefore, the biochar will
absorb the microwave energy and promote the pyrol-
ysis process, resulting in decreased biochar (S¸enso¨z
and Can 2002).
5 Conclusion
The production of high energy solid biofuel from
microwave HTC and microwave pyrolysis has been
reviewed and assessed. A number of parameters have
been known which have direct effects on solid yield
and physicochemical characteristics of solid char.
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These factors include microwave power, reaction
temperature, residence time, solid to liquid ratio, type
and concentration of catalyst/additives, heating rate
and source of heating, type and lignocellulosic com-
position of feed material, rate of feed injection,
microwave absorber, feed particle size, and purging
of flow gas.
Generally, the HHV, carbon content, fixed carbon,
BET characteristics and thermal stability were
improved and moisture, ash, and oxygen contents
were decreased both in biochar and hydrochar com-
pared to their respective feed materials after micro-
wave processing. It was also observed that coal
contains more favorable fuel properties than both
biochar and hydrochar, whereas biochar has better fuel
properties than hydrochar. More favourable fuel
properties of biochar than hydrochar were attributed
to the higher temperature of pyrolysis than HTC.
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Chapter 3 
 
Upgradation of chemical, fuel, thermal and structural properties of rice husk through 
microwave-assisted hydrothermal carbonization 
 
The microwave hydrothermal carbonization of rice husk was carried out in this chapter. 
Generally, the effect of process parameters including reaction temperature (160-220 oC), 
reaction time (5-30 min), biomass to water ratio (1:10-1:40 w/v), and particle size (0.5-3 mm) 
was studied on yield percentage of hydrochar. In addition to that, the energy, chemical, 
structural and thermal properties of both rice husk and hydrochar were analysed.  
The QLab pro microwave digestion system, Questron Technologies Corp., was used for 
microwave-assisted hydrothermal carbonization of rice husk. The digestor is connected to the 
system to record the process parameters. Initially, the mixture of rice husk and distilled water 
is stored in the vessel according to pre-set biomass to water ratio, then the process parameters 
of the specific experiment are recorded in the system and then the digestion experiments were 
started.  
After completion of the experiment, the digestor is cooled down to room temperature, the 
gaseous products were vented out to fume hood and the slurry of hydrochar and bio-oil was 
collected. Then, this slurry is separated with the help of filter paper to get the hydrochar 
product. The hydrochar is finally washed with distilled water for several times, dried in an oven 
and stored for further characterization. 
This chapter was published in Environmental Science and Pollution Research. 
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Abstract
The process parameters of microwave hydrothermal carbonization (MHTC) have significant effect on yield of hydrochar. This
study discusses the effect of process parameters on hydrochar yield produced from MHTC of rice husk. Results revealed that,
over the ranges tested, a lower temperature, lower reaction time, lower biomass to water ratio, and higher particle size produce
more hydrochar. Maximum hydrochar yield of 62.8% was obtained at 1000 W, 220 °C, and 5 min. The higher heating value
(HHV) was improved significantly from 6.80MJ/kg of rice husk to 16.10MJ/kg of hydrochar. Elemental analysis results showed
that the carbon content increased and oxygen content decreased in hydrochar from 25.9 to 47.2% and 68.5 to 47.0%, respectively,
improving the energy and combustion properties. SEM analysis exhibited modification in structure of rice husk and improvement
in porosity after MHTC, which was further confirmed from BET surface analysis. The BET surface area increased from
25.0656 m2/g (rice husk) to 92.6832 m2/g (hydrochar). Thermal stability of hydrochar was improved from 340 °C for rice husk
to 370 °C for hydrochar.
Keywords Rice husk .Microwave processing . Hydrothermal carbonization . Hydrochar
Introduction
Energy crisis, environmental issues, and unclear availability
of fossil fuel resources have led researchers to look forward
for the best substitute of fossil fuels which may alleviate the
issues linked to fossil fuels. Biomass has been recognized as
an alternate to fossil fuels in terms of its availability and envi-
ronmental friendliness (Bhutto et al. 2016). Biomass is avail-
able in high quality and huge amounts (Guo et al. 2017), for
example from agriculture industry (Bhutto et al. 2011; Wang
et al. 2010), and is considered a means of reducing emissions
of carbon dioxide also (Román et al. 2012). Rice husk is an
agricultural waste generated as a by-product from the rice
milling industry. Rice husks are either burnt in the fields in
open atmosphere or discarded, which are environmentally det-
rimental techniques (Lin et al. 2013). It is a lignocellulosic
biomass mainly consisting of 35% cellulose, 30% hemicellu-
lose, 18% lignin, 13% silica, and 4% miscellaneous (Islam
et al. 2017). Its lignocellulosic composition varies depending
upon different factors such as soil type, weather conditions,
and agronomic handling (Elaigwu and Greenway 2016a).
Annual production of rice husk is 140 million tonnes globally,
which can be utilized economically. Conversion of rice husk
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into hydrochar by using microwave hydrothermal carboniza-
tion (MHTC) process is one option to utilize it effectively.
Bergius and Specht discovered the hydrothermal carboni-
zation (HTC) process in 1913 (Jamari and Howse 2012). They
produced the carbon-rich material through heating of a mix-
ture of cellulose and water at 250–310 °C in a closed vessel.
The hydrochar, carbon-rich product, was successfully pro-
duced with low oxygen to carbon ratio (O/C= 0.1–0.2). Later in
1932, Berl and Schimdt modified and upgraded HTC by
converting various saccharides at 150–350 °C (Li et al. 2015).The
hydrochar isasmokeless fuelwithhighcarboncontentholding55–
90%massand80–90%of theenergycontentof theoriginalmassof
feedstock (Afolabi et al. 2015; Elaigwu and Greenway 2016b).
HTCisa thermochemicaldecompositionprocess inwhichbiomass
is heated in water at about 180–200 °C to produce hydrochar as a
mainproduct andwater-solubleorganic substances as aby-product
(Chowdhury et al. 2016). HTC can be carried out using both con-
ventional andmicrowave heatingmethods.
Recently, microwave hydrothermal carbonization (MHTC)
has been preferred over conventional HTC because MHTC is
an innovative, technologically efficient, environmentally
friendly (Guiotoku et al. 2009), and an energy-efficient meth-
od which reduces processing time greatly (Elaigwu and
Greenway 2016a; Renmin et al. 2012). Microwave hydrother-
mal processing for chemical transformation in water is an
efficient process because water can be superheated in closed
vessels (Demirbaş 2001). Water is a clean, renewable, non-
flammable, non-corrosive, readily available, and a green sol-
vent. It is also an effective absorber of microwave energy,
which makes it a preferred choice for microwave-induced
hydrothermal processing of biomass. MHTC produces an
aqueous suspension of carbon-rich materials with oxygen-
substituted components. Different operating parameters in-
cluding reaction temperature (Afolabi et al. 2015; Elaigwu
and Greenway 2016a; Hossain et al. 2016), time (Afolabi
et al. 2015; Elaigwu and Greenway 2016a, b; Guiotoku et al.
2009), biomass type, particle size, microwave power, flow
rate of purge gas (Hossain et al. 2016), the concentration of
catalyst (HCl) (Li et al. 2015), and the solid to liquid ratio are
important factors affecting the reaction products duringmicro-
wave irradiation (Chen et al. 2012a, 2014; Elaigwu and
Greenway 2016a; Guo et al. 2016).
Many studies have been conducted using MHTC of differ-
ent biomass wastes including pine sawdust and α-cellulose
(Guiotoku et al. 2009), Prosopis africana shell (Elaigwu and
Greenway 2016b), glucose (Elaigwu and Greenway 2016c),
sewage sludge and human fecal sludge (Afolabi et al. 2015),
and rapeseed husk (Elaigwu and Greenway 2016a). Guiotoku
et al. (Guiotoku et al. 2009) conducted a research work on two
lignocellulosic materials via MHTC. They investigated the
effect of the reaction time on hydrochar yield. Elaigwu and
Greenway (2016a) studied the effect of reaction temperature
and reaction time on MHTC of rapeseed husk. The effect of
reaction temperature on the hydrochar yield percentage was
compared for conventional and MHTC of P. africana shell by
Elaigwu and Greenway (2016b).
To date, there is no study reported for hydrochar pro-
duction from MHTC of rice husk. Also, the effect of pro-
cess parameters of MHTC for any type of biomass has not
been elaborated in detail. Therefore, the main objective of
this study is to investigate the effect of process parameters
of MHTC on the yield of hydrochar. The parameters in-
cluding reaction temperature, reaction time, particle size,
and biomass to water ratio (w/v) have been studied. It is
reported that the higher temperature and higher time have
greater effect on properties of hydrochar. Therefore, the
hydrochar produced at 1000 W, 220 °C, and 30 min is
characterized for the properties including higher heating
value (HHV), energy densification, elemental analysis,
Fourier transform infra-red (FTIR) analysis, scanning
electron microscopy (SEM) analysis, Brunauer-Emmett-
Teller (BET) analysis, and thermo-gravimetric (TGA)
analysis.
Materials and methods
Materials
Rice husk was collected from Dowens Rice Hulls Pty. Ltd.,
Australia and was washed twice with tap water and once with
distilled water to remove surface impurities and dirt. Then,
washed rice husk was dried in an oven at 105 °C for 24 h.
The washed and dried rice husk was used for experiments.
Further, to study the effect of particle size on yield, the washed
and dried rice husk was ground through MF 10basic, IKA
Labortechnik crusher. Rice husk was collected in different
sizes of 0.5 to 3 mm and was used for experiments.
Synthesis of hydrochar using MHTC of rice husk
Experiments for MHTC of rice husk were conducted in
QLab pro microwave digestion system, Questron
Technologies Corp., with maximum power of 1200 W
and temperature 230 °C. Initially, rice husk and distilled
water were mixed in a reactor vessel according to pre-
set biomass to water ratio and vessel was closed. After
that, parameters were recorded in control panel for the
specific experiment. The recorded recipe was selected
and digestion was started. After completion of digestion,
reactor was cooled down to room temperature with help
of fan working throughout reaction. After cooling down,
gaseous product (it is not of interest in this study) was
vented out to fume hood and slurry of bio-oil and
hydrochar was filtered and bio-oil and hydrochar were
separated. Hydrochar was washed with distilled water
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several times and then washed hydrochar was dried in
an oven at 105 °C for 24 h.
Yield (%) of hydrochar
The yield % of the hydrochar is defined as the amount of dry
hydrochar product to the amount of dry rice husk loaded in the
reactor as shown in Eq. 1.
Yield %ð Þ of hydrochar ¼ Weightdh=Weightdrhð Þ  100 ð1Þ
WhereWeightdh is the weight of dry hydrochar produced after
MHTC andWeightdrh is the weight of the dry rice husk loaded
in the reactor.
Characterization of rice husk and hydrochar
Ultimate analysis for both rice husk and hydrochar samples
was investigated using 2400 Series II CHNS/O Elemental
Analysis (PerkinElmer). The oxygen percentage was calculat-
ed to be the balance of mass after subtracting the masses of
carbon, hydrogen, sulfur, and nitrogen. HHV was calculated
by Eq. 2 suggested by the Boie’s equation (Du et al. 2013),
and energy density was calculated by Eq. 3.
HHV MJ=kgð Þ ¼ 0:3516 Cð Þ þ 1:16225 Hð Þ−0:1109 Oð Þ
þ 0:0628 Nð Þ ð2Þ
Where C, H, O, and S show carbon, hydrogen, oxygen, and
sulfur contents
Energy densification
¼ HHV of hydrochar=HHV of rice husk ð3Þ
Proximate analysis for both the rice husk and hydrochar
was carried out through TGA according to method of Manoj
et al. (Tripathi et al. 2016). FTIR spectroscopic studies were
conducted for rice husk and hydrochar samples with a
PerkinElmer FTIR Spectrometer (TA 8000), and 32 scans
per sample were recorded from 4000 to 550 cm−1 with a
resolution of 4 cm−1. BET surface area, average pore width,
and total pore volume were acquired using a micrometric
ASAP 2400 Surface Area Analyser. SEM analysis was mon-
itored using a scanning electron microscope, Philips XL30
SEM (Edwards HighVacuum, Sussex, England). The analysis
was performed under high vacuum mode with 15 kVoperat-
ing voltage and 4.5–5 spot size, and the images were taken at a
distance of 10 mm. Rice husk and hydrochar were analyzed
through Bruker D4 Endeavor X-ray Diffractometer to see the
X-ray diffraction (XRD) patterns. The samples were run at the
range of 5–65 (2θ) at a current of 100 mA and 40 kV voltage
and peak intensities were recorded every 0.02° at a sweep rate
of 1.0° (2θ/min).TGA/DTG was carried out between the
temperature of 50 and 900 °C using a PerkinElmer STA
6000 Simultaneous Thermal Analyser in nitrogen atmosphere.
Initially, sample (approximately 10 mg) was loaded in an alu-
mina crucible and the scanning rate was recorded at 10 C/min
and the readings were recorded after each 30 s. The nitrogen
flow was set at 20 ml/min throughout the analysis.
Results and discussion
Effect of process parameters on hydrochar yield
MHTC process requires knowledge on the effect of process
parameter; therefore, this study focuses on the effect of pro-
cess parameters of MHTC on yield of hydrochar. The param-
eters studied include reaction temperature (160–220 °C), re-
action time (5–30 min), particle size (0.5–3 mm), and biomass
to water ratio (1:10–1:40 w/v). The effect of each process
parameter is further discussed in detail in the following
sections.
The temperature is considered as a key parameter for
MHTC affecting yield percentage of hydrochar. The temper-
ature causes disintegration of biomass by providing heat. The
effectiveness of temperature as an effective process parameter
of MHTC can be observed by variations in hydrochar yield at
varying temperatures of MHTC. The effect of temperature on
yield percentage during MHTC was studied at 160–220 °C,
while keeping other parameters constant at 1000 W micro-
wave power, 1:1 (w/v) biomass to water ratio, 3 mm particle
size, and 30 min reaction time. Results show that yield per-
centage of hydrochar decreased with an increase in the tem-
perature from 160 to 220 °C. Figure 1a shows the reduction in
hydrochar yield from 58.6 to 49.5% by increasing the temper-
ature from 160 to 220 °C. Similar trends are found by other
studies describing the effect of varying temperature on
hydrochar yield during MHTC as Elaigwu and Greenway
(2016a) investigated the effect of reaction temperature (150–
200 °C) on hydrochar yield percentage during MHTC. A sig-
nificant drop in hydrochar yield of 19.21%was observed with
an increase in temperature from 150 to 200 °C. Afolabi et al.
(2015) reported similar drop of hydrochar yield by increasing
temperature from 160 to 200 °C for sewage sludge and human
fecal sludge during MHTC. The reason for a decrease in
hydrochar yield percentage at high temperature may be that
high temperatures support gasification reactions, which causes
loss of a part of hydrothermal carbon in form of volatile com-
pounds. According to Kang et al. (2012), a decrease in
hydrochar yield percentage with an increase in reaction tem-
perature of HTC may be attributed to dehydration and decar-
boxylation reactions or to conversion of volatile matters at
high temperatures (Uzun et al. 2010). The volatile matter re-
lease intensifies dehydration and elimination reactions,
resulting in a decreased hydrochar yield.
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The reaction time is a vital parameter affecting yield per-
centage of hydrochar product inMHTC process. The HTC is a
slow reaction process, with reaction time from minutes to few
days but short time is supposed to decompose biomass effec-
tively (Nizamuddin et al. 2016). To study effect of reaction
time on hydrochar percentage, a number of the experiments
were carried out at 1000Wmicrowave power, 220 °C reaction
temperature, and 1:1 (w/v) biomass to water ratio by varying
reaction time from 5 to 30 min. The results for effect of reac-
tion time on hydrochar yield are shown in Fig. 1b. The ob-
tained results suggest that high yield percentage of hydrochar
was achieved at low reaction times; as reaction time increases,
hydrochar yield percentage decreases. The hydrochar yield
percentage obtained at 5 min reaction time was 62.8%, which
was dropped significantly to 49.5% at 30 min reaction time.
Similarly researchers including Elaigwu and Greenway
(2016a, b), Chen et al. (2012a), and Afolabi et al. (2015) found
that reaction time was significantly affecting the overall yield
during MHTC process. Elaigwu reported 13.38% of yield
drop in hydrochar by increasing reaction time from5 to 20min.
However, Guiotoku et al. (2009) produced hydrochar from
pine sawdust and α-cellulose through MHTC in the presence
of citric acid at 200 °C and reaction times of 60, 120, and
240 min. In this study, a contradictory trend for hydrochar
yield was observed for both the feedstock materials. The solid
yield for pine saw dust increased but decreased for α-cellulose
by increasing reaction time.
To investigate effect of biomass to water ratio on hydrochar
yield, a number of experiments were carried out at 1000 W
microwave power, 220 °C reaction temperature, 3 mm particle
size, and 30 min reaction time but varying the biomass to
water ratio from 1:10 to 1:40 (w/v). The result for yield per-
centage of hydrochar is shown in Fig. 1c. It is observed that
high yield percentage of hydrochar is produced at low
biomass to water ratio and less hydrochar yield is produced
at higher biomass to water ratio. The hydrochar yield percent-
age produced at biomass to water ratio of 1:10 (w/v) was
51.3%, which decreased to 47.3% at biomass to water ratio
of 1:40 (w/v). The trend is consistent with previous study.
Nizamuddin et al. (2016) investigated effect of biomass to
water ratio on HTC of oil palm shell. Their study sug-
gested that hydrochar yield decreased slightly as biomass
to water ratio increased from 1.10 to 1.60 (w/v). This
phenomenon of low yield at high biomass to water ratio
may be linked to a fact that high biomass to water ratio
leads towards low carbonization (Román et al. 2012).
Rogalinski et al. (2008) and Kannan et al. (2017b) suggest
that biomass concentration shows a minimal effect on
biochar yield. Kannan et al. (2017b) concluded this by
studying water to biomass ratio in the range of 0.5 to
1.5, while keeping reaction temperature and time constant
at 180 °C and 60 min, respectively, by observing slight
yield of hydrochar. The slight change in hydrochar yield
may be attributed to lignocellulosic/non-lignocellulosic
composition of rice husk (present study) and fish waste
(Kannan et al. 2017b). It also may be due to having low
water to biomass ratio as compared with our research.
The main purpose of size reduction is to improve accessi-
bility of biomass to hydrothermal treatment in order to achieve
high degree of hydrolysis and fragmentation (Akhtar and
Amin 2011). In order to study the effect of particle size on
hydrochar yield, experiments were done at 1000 W micro-
wave power, 220 °C reaction temperature, 30 min reaction
time, and 1:10 (w/v) biomass to water ratio, while changing
particle size from 0.5 to 3 mm. The results on effect of particle
size on hydrochar yield percentage are shown in Fig. 1d. The
obtained results suggest that hydrochar yield increased by an
increase in particle size from 0.5 to 3 mm. The hydrochar yield
Fig. 1 Effect of a reaction
temperature, b reaction time, c
biomass to water ratio, and d
particle size on hydrochar yield
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percentages obtained were 46.3, 47.0, 49.8, and 55.0% at 0.5,
1, 2, and 3 mm, respectively. Another study proposed that the
large particle size causes an increase in solid fuel production.
The results of the study exhibited that the char yield at particle
size under 1 mm was 18.3 wt%, while it increased to
45.24 wt% for 10–12 mm particle size, which was 147.07%
higher than initial char yield (Hossain et al. 2016).The reason
behind an increase of solid yield at higher particle size is that
as particle size increases, the diffusion rate of volatiles through
char decreases. Eventually, more char would be produced
through secondary reactions (Di Blasi et al. 1999; Manyà
et al. 2007; Várhegyi et al. 1998).
Characterization of rice husk and hydrochar
Energy properties, ultimate analysis, proximate analysis,
and FTIR analysis
The HHV is considered as a vital characteristic of biomass
and hydrochar which determines the amount of energy
present in material (Elaigwu and Greenway 2016b). The
HHV of rice husk and hydrochar produced at 1000 W,
220 °C, 30 min, 1:10 w/v, and 3 mm is listed in
Table 1. The results suggest that HHV of rice husk was
6.80 MJ/kg and it increased hydrochar to 16.10 MJ/kg
after MHTC. It is observed that HHV value of hydrochar
was similar to that of brown coal and greater than some of
low rank coals such as charcoal (23 MJ/kg), lignite
(16.3 MJ/kg), and peat (13.8–20.5 MJ/kg). The HHV of
hydrochar is proportional to carbon content and carbon
content is proportional to the reaction temperature. For
example, as higher the reaction temperature, higher will
be the carbon content; thus, HHV will be higher (Zhao
et al. 2014). An increase in carbon content might result in
decrement of hydrogen content improving combustion
properties. High HHV of hydrochar also may be related
to reaction time. It is reported in literature that HHV of
hydrochar increases by increasing reaction time, which
shows level of carbonization attained (Elaigwu and
Greenway 2016b). HHV of hydrochar produced from
MHTC of glucose increased from 16.90 MJ/kg at
15 min to 21.30 MJ/kg at 45 min and remained stable
afterwards (Elaigwu and Greenway 2016c). Another study
reported that HHV value of hydrochar produced from
MHTC increased from 18.25 to 21.10 MJ/kg by increas-
ing reaction time from 60 to 120 min (Kannan et al.
2017a).
Energy densification is used to assess effectiveness of pro-
cess such as MHTC. MHTC involves decarboxylation, dehy-
dration, and condensation reactions which lead to the forma-
tion of hydrochar. These reactions and high carbonization of
biomass during HTC process result in high energy densifica-
tion (Elaigwu and Greenway 2016b). Energy densification
ratio of hydrochar in this study is 1.51, suggesting competen-
cy of MHTC to convert low energy biomass into high energy
fuel (Afolabi et al. 2017). Similar results for energy densifica-
tion ratio up to 1.23–1.55 have been reported in literature
(Elaigwu and Greenway 2016c). It is suggested that energy
densification ratio greater than 1 shows an improved energy
densification in hydrochar duringMHTC (Afolabi et al. 2015;
Kannan et al. 2017b). Energy densification ratio highly de-
pends upon process parameters such as reaction temperature
and time. The energy densification ratio increased with an
increase in reaction temperature (Afolabi et al. 2017).
Energy density of hydrochars produced from rice hulls
(husk) increased from 1.0 (at 175 °C) to 1.22 (at 295 °C)
(Hoekman et al. 2013). Similarly, Zhang et al. (2017) noted
an increase in energy density of biochar of rice husk from 1.01
(biochar produced at 150 °C) to 1.12 (biochar produced at
240 °C). Nakason et al. (2017) reported that the energy density
of hydrochar produced from rice husk increased from 1.07 to
1.20 by increasing temperature from 140 to 200 °C, while
from 1.16 to 1.20 by increasing reaction time from 1 to 4 h.
Ultimate analysis is an important characteristic of a bio-
mass, biofuel, or fuel. It determines composition and amount
of gas removed during combustion as well as quantity of gas
required for burning of biomass or fuel. Ultimate analysis of
rice husk and hydrochar produced at 1000W, 220 °C, 30 min,
1:10 w/v, and 3 mm is shown in Table 1. The results suggest
that hydrochar was formed by simultaneous enrichment of
carbon content and removal of oxygen during MHTC
resulting in improved combustion and energy properties of
hydrochar. Carbon content of hydrochar increased from 25.9
Table 1 HHV value, ultimate analysis, proximate analysis and BET
analysis of rice husk and hydrochar produced at 1000 W, 220 °C,
30 min, 1:10 w/v, and 3 mm
Properties Rice husk Hydrochar
HHV (MJ/kg) 6.80 16.10
Ultimate analysis
Carbon (%) 25.9 47.2
Oxygen (%) 68.5 47.0
Hydrogen (%) 4.7 4.2
Nitrogen (%) 0.6 0.9
Sulfur (%) 0.3 0.7
Proximate analysis
Fixed carbon (%) 19.3 35.9
Moisture content (%) 8.5 4.1
Volatile matter (%) 62.0 44.4
Ash (%) 10.2 15.6
BET analysis
Surface area (m2/g) 25.0656 92.6839
Total pore volume (cm3/g) 0.002360 0.01191
Average pore width (Å) 68.760 99.323
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to 47.2%, whereas oxygen and hydrogen contents of
hydrochar decreased from 68.5 and 4.7% to 47.0 and 4.2%,
respectively. An increase in carbon and a decrease in oxygen
contents of hydrochar recommended that MHTC has trans-
formed rice husk into high energy fuel which is comparable
to brown coal. More oxygen content in biomass or biofuels is
not favorable because higher oxygen content decreases HHV
and causes corrosion and thermal instability.
An increase in carbon and a decrease in hydrogen and
oxygen contents during MHTC are attributed to reaction tem-
perature and reaction time of MHTC as well as to
deoxygenating reactions taking place during MHTC (Kang
et al. 2012). An increase in reaction temperature and time
results in increased carbon and decreased oxygen contents
(Afolabi et al. 2015; Kannan et al. 2017a). According to
Elaigwu and Greenway (2016c), an increase in reaction time
leads to an increased carbon content and a decreased oxygen
content of hydrochar produced fromMHTC of glucose which
is due to dehydration, decarboxylation, and deoxygenating
reactions taking place during MHTC (Elaigwu and
Greenway 2016c). Kannan et al. (2017a) found a similar trend
reporting that carbon increased from 37.0 to 49.0% and oxy-
gen decreased from 50.67 to 39.31% by increasing reaction
time from 60 to 120 min. Another study suggested that the
amount of carbon increased from 27.0 to 50.0% and oxygen
decreased from 65.0 to 37.0% by increasing 60 to 120 min
respectively during MHTC of fish waste (Kannan et al.
2017b). Slight increment in nitrogen content of hydrochar
was observed from 0.6 to 0.9% which may be due to
amination of hydroxyl groups or high fraction of proteins.
N/C atomic ratio of hydrochar is less than that of rice husk
suggesting that nitrogen content present in rice husk was
retained in hydrochar. N/C atomic ratio is important for qual-
ity of products in terms of degree of the stabilization.
These changes in ultimate analysis results after MHTC
could be further investigated and co-related to fuel quality
with help of Van Krevelen diagram showing H/C and O/C
atomic ratios in Fig. 2. The values for O/C and H/C atomic
ratios of hydrochar were compared to those of rice husk and
different types of coals including peat, lignite, brown coal, and
sub-bituminous (Ibarra et al. 1996). It can be concluded that
hydrochar is comparable to different types of coal in terms of
fuel quality. Further, H/C and O/C atomic ratios of hydrochar
were significantly lower than those of rice husk suggesting
that the aromaticity was gradually strengthened (Lin et al.
2017). Lower O/C and lower H/C values of hydrochar than
rice husk suggest that decarboxylation, demethylation, and
dehydration reactions took place during MHTC (Kannan
et al. 2017a). It is reported that dehydration and decarboxyl-
ation reactions take place during HTC (Elaigwu and
Greenway 2016a). The decrease in O/C and H/C atomic ratios
of hydrochar is due to the reaction temperature and time of
MHTC (Elaigwu and Greenway 2016b). The products with
low H/C and O/C ratios, partially carbonized, are produced
during HTC (Guiotoku et al. 2009).
Proximate analysis results are shown in Table 1, which
suggest that the fixed carbon content increased whereas the
amount of volatile matter and moisture contents decreased in
hydrochar after MHTC of rice husk. The fixed carbon value
increased from 19.3 rice husk to 35.9% hydrochar. On the
other hand, the amount of volatile matter decreased from
62.0% for rice husk to 44.4% for hydrochar. The increase in
fixed carbon content is attributed to the release of the higher
amount of volatile matters during MHTC of rice husk.
According to Liu et al. (2013), biomass is degraded signifi-
cantly at higher temperatures, which results in the decrement
of volatile matters, ultimately increasing the fixed carbon con-
tent. The same study reported the conversion of corn stalk into
a good quality fuel because the volatile matter was decreased
and fixed carbon content was increased in products. An in-
crease in fixed carbon increases HHV, while the higher
amount of volatile matters in fuel decreases its combustion
performance.
The FTIR analysis, at wavenumbers of 4000–550 cm−1,
was carried out for determining functional groups attached
on surface of rice husk and hydrochar produced at 1000 W,
220 °C, 30 min, 1:10 w/v, and 3 mm as shown in Fig. 3. The
FTIR spectra provide details about bonds present in a com-
pound and also about molecular structure of such particular
compound. The assignments of FTIR peaks observed for rice
husk and hydrochar are highlighted to the functional groups
studied in literature in Fig. 3.
For rice husk, a strong and broad band was found at 3450
and 3652 cm−1 which is related to the primary and secondary
amines of NH stretching and OH-free vibration of the carbox-
ylic, alcoholic, and phenolic functional groups. This peak in
hydrochar has slightly declined confirming that dehydration
reaction and removal of water occurred during MHTC of rice
husk (Gao et al. 2013). The peaks at around 2900 and
2800 cm−1 for rice husk may be either attributed to the C-H
stretching vibration of –CH2 and –CH3 functional groups
(Asadieraghi and Wan Daud 2014) or to the CHn stretching
vibrations which represent the presence of aliphatic and aro-
matic compounds. The species CH4, C2H6, and C2H4 were
released by the breaking of –C-H functional groups (Chen
et al. 2012b). The peaks at 2900 and 2800 cm−1 for rice husk
were completely removed in hydrochar. The band at around
1750 cm−1 was detected for rice husk for C=C which was
changed in hydrochar indicating that ester components were
altered during MHTC of rice husk with a strong intensity of
1738 cm−1. The reduction in peak of hydrochar at around
1750 cm−1 also suggests thatMHTC has altered lignin content
of rice husk (Pang et al. 2014), which has been confirmed by
SEM results also. The transmittance peaks for both rice husk
and hydrochar were observed at 1653 and 1637 cm−1, which
is mainly because of stretching of C=N may be due to the
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presence of oxime functional groups. Some peaks in both rice
husk and MHTC were observed indicating the presence of
amines and chlorides group at 1100 and 752, respectively, that
remain unchanged with thermochemical processing.
SEM, BET and XRD analyses
To study the effect of MHTC on morphological properties,
both rice husk and hydrochar produced at 1000 W, 220 °C,
30 min, 1:10 w/v and 3 mm were characterized through SEM
analysis. SEM is a technique used for studying structural
properties of biomass and biomass-based products obtained
through different processing techniques. The SEM images of
raw rice husk and hydrochar produced by MHTC are shown
in Fig. 4. SEM images of hydrochar show an interesting fea-
ture for structural changes occurred in hydrochar after MHTC.
At first glance, irrespective of operating parameters,
hydrochar looks completely different to rice husk. The surface
structure of hydrochar was improved and pores were formed
suggesting that MHTC has resulted in transformation of sur-
face morphology of hydrochar. This supports the fact that
hydrothermal conversion of rice husk takes place during
MHTC.
Figure 4a shows SEM image of rice husk; it can be clearly
observed that rice husk has rough texture with no pores on
surface. The rough texture of rice husk is due to lignin content
of rice husk. Rice husk has 20.4–33.7% lignin content
(Elaigwu and Greenway 2016a). After MHTC, the morphol-
ogy of hydrochar changed completely revealing presence of
pores and cracks on surface with fibrous strands as shown in
Fig. 4b. This indicates that rice husk was transformed during
MHTC as expected. It also implies that lignocellulosic struc-
ture of rice husk was broken during MHTC. The formation of
cracks and fibrous strands on surface of hydrochar during
MHTC may be attributed to the release of volatile matters
during MHTC (Afolabi et al. 2015). The cracks/voids make
de-volatilization easier to take place. The formation of pores
on surface of hydrochar may be due to reaction time and
reaction temperature; the cellulose and hemicellulose decom-
pose greatly at high reaction times forming the pores on the
surface of hydrochar (Gao et al. 2013). The biomass is
decomposed significantly at high temperature, which causes
exposure of basic layers of biomass resulting in an improved
porosity of hydrochar. According to Marx et al. (2014), walls
between adjacent pores are destroyed at high temperature
causing an enlargement of pores. The pores present on the
surface of hydrochar illustrate an ease of dewatering of
hydrochar during filtration as pores allow drainage of water
fromMHTC products. These characteristics also help in quick
drying of hydrochar (Afolabi et al. 2015). The porous struc-
ture of hydrochar obtained at high temperatures suggests that
hydrochar can be suitably used for sequestration and adsorp-
tion purposes (Kannan et al. 2017a).
The surface area, total pore volume and average pore width
of the rice husk and the hydrochar produced at 1000 W,
220 °C, 30 min, 1:10 w/v, and 3 mm are listed in Table 1.
Generally, it was noted that MHTC has enhanced the surface
area, total pore volume, and the average pore width of the
hydrochar. Specifically, the surface area, total pore volume,
and average pore width were improved from 25.0656 m2/g,
0.002360 m3/g, and 68.760 Å for rice husk to 92.6839 m2/g,
0.01191 m3/g and 99.323 Å for hydrochar. These results could
be attributed to the HTC process which eroded the fiber struc-
ture of rice husk, causing the creation of a number of pores,
thus increasing the BET surface area and total pore volume.
The increase in BET results could further be linked to break-
ing of hydrogen bonds or phase changes (Chen et al. 2014).
An increase in surface area, total pore volume and average
pore width of the hydrochar is attributed to the reaction tem-
perature and time, which causes breaking of the structure of
Fig. 3 FTIR spectra of rice husk and hydrochar produced at 1000 W,
220 °C, 30 min, 1:10 w/v, and 3 mm
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Fig. 2 Van Krevelen diagram for rice husk, hydrochar produced at
1000 W, 220 °C, 30 min, 1:10 w/v, and 3 mm and different types of coal
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the rice husk resulting in improved structural characteristics of
hydrochar such as porosity. An increase in porosity and alter-
ation of the structure of the hydrochar after MHTC has been
validated by the SEM results also. The effect of temperature
was studied in the BET surface area of pistachio nutshells. It
was observed that the BET surface area was improved by
increasing the temperature because of increased volatiles evo-
lution, which ultimately increases the pore development of
hydrochar (Lua and Yang 2004). The higher temperatures
destroy the walls between adjacent pores resulting in the en-
largement of pores (Marx et al. 2014). Reaction time com-
bined with reaction temperature also has an influence on the
surface area of char. Longer residence time and lower temper-
ature result in higher surface area (Uras 2011). An increase in
surface area may be attributed to the tunneling effects taking
place by mass transfer and heating processes of MHTC
(Afolabi et al. 2017).
The crystallinity of rice husk and hydrochar produced at
1000W, 220 °C, 30 min, 1:10 w/v, and 3 mm was determined
through XRD as shown in Fig. 5. Typically, three characteris-
tic peaks were exhibited at 2θ for 15°, 23°, and 35° which are
typical peaks for cellulose (Zhang et al. 2015). As peaks are
located between 10° and 35° (2θ), which is ascribed to diffrac-
tion of amorphous carbon (Kang et al. 2012), indicating that
rice husk has been carbonized as a carbon. The crystallinity
percentage increased for hydrochar (78.4%) from rice husk
(75.5%). An increase in crystallinity during MHTC may be
attributed to removal of amorphous components (hemicellu-
lose and lignin) (Maeda et al. 2011) present in rice husk. Liu
et al. (2017) suggest that an increase in crystallinity of
hydrochar is attributed to hydrolysis of cellulose and hemicel-
lulose portion in amorphous region during hydrothermal pro-
cessing. They also reported that crystallinity is highly depen-
dent on reaction temperature and it decreases with an increase
in the temperature.
Textural properties
Figure 6 presents the N2 adsorption/desorption isotherm of
rice husk and hydrochar produced at 1000 W, 220 °C,
30 min, 1:10 w/v, and 3 mm. The behavior of hysteresis loop
indicates the type I and type IV isotherms. Further, the N2
adsorption behavior of hydrochar is much higher than rice
husk. This can be justified by an increase in relative pressure
Fig. 4 SEM images of a rice husk
and b hydrochar produced at
1000 W, 220 °C, 30 min, 1:10 w/
v, and 3 mm
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of molecules of N2 which are placed in wide pores, causing
higher adsorption and indicating the presence of higher
amounts mesopores and micropores.
The N2 adsorption at lower relative pressure, i.e., P/Po <
0.1 suggests that the large amount of new micropores is
formed due to MHTC of rice husk, which promoted the de-
velopment of new pores. An increase in N2 uptake at high
relative pressure, i.e., P/Po > 0.2 is due to the formation of
mesopores and development of micropores. Further, the N2
adsorption increased gradually at higher relative pressure
showing the greater volume of micropores and the existence
of small mesopores.
TGA/DTG analysis
Thermal properties for both the rice husk and the hydrochar
produced at 1000W, 220 °C, 30min, 1:10w/v, and 3mm have
been investigated through TGA analysis to evaluate their
thermal stability. TGA is used to measure the rate of weight
loss of a material either isothermally as a function of time or as
a function of temperature by increasing the temperature. TGA
analysis for rice husk and hydrochar was carried out as a
function of temperature from 50 to 900 °C at a rate of
10 °C/min in nitrogen atmosphere as shown in Fig. 7.
Thermal behavior and weight loss kinetics have been com-
pared for both the samples to see the effect of MHTC on
thermal stability of the hydrochar. Slight weight loss has been
noted for both the samples up to 150 °C indicating the removal
of moisture content present in the sample through dehydration
or evaporation (Afolabi et al. 2017). Fast rate of decomposi-
tion for rice husk has been observed at 250–360 °C and for
hydrochar at 250–380 °C. This may be attributed to the pyrol-
ysis of the cellulose and hemicellulose taking place at this
temperature range. The weight loss taking place at 190–
305 °C is because of pyrolysis of hemicellulose whereas the
pyrolysis of cellulose occurs at 305–404 °C (Li et al. 2008).
According to Elaigwu and Greenway (2016b), weight loss at
220–410 °C corresponds to the decomposition of hemicellu-
lose and cellulose where chemical bonds start to break and
light volatile compounds get released. After decomposition
Fig. 6 N2 adsorption and desorption of rice husk and hydrochar produced
at 1000 W, 220 °C, 30 min, 1:10 w/v, and 3 mm
Fig. 5 XRD analysis of rice husk and hydrochar produced at 1000 W,
220 °C, 30 min, 1:10 w/v, and 3 mm
Fig. 7 TGA/DTG analysis of rice husk and hydrochar produced at
1000 W, 220 °C, 30 min, 1:10 w/v, and 3 mm
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stage, the TGA profile for both the samples was flat, which
shows the presence of ash content in large amount.
DTG curve shows the position of the peaks related to the
temperature where maximum rate of weight loss takes place.
DTG peak for the rice husk was observed at 340 °C. This peak
may be attributed to the decomposition of the cellulose con-
tent present in rice husk (Asadieraghi andWan Daud 2014). A
peak in DTG curve of hydrochar was observed at around
370 °C indicating that the thermal stability of the hydrochar
was improved after MHTC. An improvement in thermal sta-
bility of hydrochar has been reported in literature (Sinan and
Unur 2017).
Conclusion
In this study,MHTC of rice husk has been reported for the first
time. Also the effect of process parameters including reaction
time, reaction temperature, biomass to water ratio and particle
size on yield of hydrochar has been elaborated in detail. Lower
reaction time, reaction temperature, and biomass to water ratio
and higher particle size produce higher yield of hydrochar
product. The reaction temperature and time are found to have
significant effect on properties of hydrochar.
MHTC has successfully converted low HHV biomass, i.e.,
rice husk into high energy, more porous and more thermally
stable product, i.e., hydrochar. The HHV of hydrochar pro-
duced by MHTC of rice husk was comparatively greater than
that of rice husk. The carbon content of hydrochar increased
while hydrogen and oxygen contents decreased after MHTC
resulting in an enhanced energy and combustion properties of
hydrochar. Lower O/C and H/C atomic ratios of hydrochar
than those of rice husk further prove the competency of
MHTC to convert low energy material into high energy prod-
uct. The porosity, surface area characteristics and thermal sta-
bility of hydrochar also were improved. These results suggest
that hydrochar produced from MHTC of rice husk could be
potentially used for energy, carbon sequestration, adsorption
and agricultural applications.
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Chapter 4 
 
Microwave hydrothermal carbonization of rice straw: optimization of process 
parameters and upgrading of chemical, fuel, structural and thermal properties 
 
Optimization of process parameters of microwave hydrothermal carbonization of rice straw 
was carried out in chapter 4. Central composite design of design expert software version 6.08 
and company stat-ease, Inc. 2000 (Minneapolis, United States) was used to optimize the 
process parameters including reaction temperature (180-220 oC), reaction time (20-60 min), 
particle size (1-3 mm), and biomass to water ratio (1:5-1:15) for hydrochar yield. Further, the 
energy, chemical, structural, thermal and textural properties were analysed for both rice straw 
and optimized hydrochar. This chapter was published in Materials. 
materials
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Abstract: The process parameters of microwave-induced hydrothermal carbonization (MIHTC) play
an important role on the hydrothermal chars (hydrochar) yield. The effect of reaction temperature,
reaction time, particle size and biomass to water ratio was optimized for hydrochar yield by
modeling using the central composite design (CCD). Further, the rice straw and hydrochar at
optimum conditions have been characterized for energy, chemical, structural and thermal properties.
The optimum condition for hydrochar synthesis was found to be at a 180 ◦C reaction temperature,
a 20 min reaction time, a 1:15 weight per volume (w/v) biomass to water ratio and a 3 mm particle
size, yielding 57.9% of hydrochar. The higher heating value (HHV), carbon content and fixed carbon
values increased from 12.3 MJ/kg, 37.19% and 14.37% for rice straw to 17.6 MJ/kg, 48.8% and 35.4%
for hydrochar. The porosity, crystallinity and thermal stability of the hydrochar were improved
remarkably compared to rice straw after MIHTC. Two characteristic peaks from XRD were observed
at 2θ of 15◦ and 26◦, whereas DTG peaks were observed at 50–150 ◦C and 300–350 ◦C for both the
materials. Based on the results, it can be suggested that the hydrochar could be potentially used for
adsorption, carbon sequestration, energy and agriculture applications.
Keywords: rice straw; hydrochar; microwave-induced hydrothermal carbonization;
energy properties
1. Introduction
The rice industry produces a large amount of agricultural waste in the form of rice straw.
According to the Food and Agricultural Organization of the United Nations, annual rice production
is 600 million tonnes worldwide [1]. Kadam et al. [2] suggested that each ton of grain harvested
leaves 1.35 tonnes of rice straw in the field. Hence, annual global production of rice straw is of the
order of 650–975 million tonnes [3]. This rice straw is usually either burnt in the open atmosphere or
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dumped into landfills. Both disposal techniques are environmentally hazardous methods. Therefore,
it is desirable to utilize a better method for utilizing this material. The utilization of rice straw may
serve a double purpose—the removal of an unwanted residue while producing fuels or chemicals.
In terms of biofuels, rice straw can be converted into three phases of biofules, i.e., gaseous (biogas),
liquid (bio-oil) and solid (char) products.
Char is a carbonaceous material formed by the thermal decomposition of biomass- or
waste-derived carbons [4]. Char possesses a great potential to be utilized for a vast range of applications
including the production of biomethane in anaerobic digestion, catalysis, water purification, gas storage
and soil amendment, etc. [5–9]. Chars are of two types based on their synthesis method: pyrolysis
char (referred as biochar) and hydrothermal chars (termed as hydrochar) [10]. Hydrochar differs
from biochar in terms of the production method and the presence or absence of a bulk water phase
during synthesis; thus, the hydrochar synthesis process is called hydrothermal carbonization [11].
Hydrothermal carbonization is a thermochemical decomposition process in which biomass is heated
in water at modest temperatures (180–350 ◦C) and pressures (2–10 MPa) to produce hydrochar as a
main product and water-soluble organic substances as by-products [12]. Hydrothermal carbonization
can be divided into two types (conventional and microwave hydrothermal carbonization) depending
on the energy source for heating. In conventional hydrothermal carbonization processes, heat is
transferred externally by radiation, convection or conduction. However, conventional heating methods
have certain shortcomings such as high heat loss to the surroundings, high heat transfer resistance
and damage to reactor walls as the walls are typically exposed to a much higher temperature [13].
In the microwave-induced hydrothermal carbonization (MIHTC), the biomass is heated through
microwaves, unlike conventional hydrothermal carbonization where heat is transferred through a
temperature gradient, i.e., conduction or convection [14]. Therefore, it is suggested that the MIHTC is
a faster method with homogenous temperature distribution through the target biomass which reduces
processing time and cost significantly.
MIHTC is still an emerging technique but has been used for the carbonization of lignocellulosic
biomass, human waste and seafood waste [14–22]. Guiotoku et al. [20] was the first to utilize microwave
heating for hydrothermal carbonization (HTC) processes and studied the MIHTC of pine saw dust
and α-cellulose. The moisture content present in the biomass and distilled water used in the reaction
was favorable for the MIHTC process because the water molecules that readily couple with the
electromagnetic field result in microwave dielectric heating [14]. Different studies are conducted
through the MIHTC of various biomass sources including α-cellulose and pine sawdust [20], rapeseed
husk [21], glucose [16], prosopisafricana shell [17], human faecal sludge and sewage sludge [22].
Guiotoku et al. [20] studied the MIHTC of two different lignocellulosic biomass and inspected
the effects of reaction time on the yield of hydrochar. Another study conducted by Elaigwu and
Greenway [21] investigated the effect of two parameters of MIHTC, i.e., temperature and time
on hydrochar yield from the MIHTC of rapeseed husk. Elaigwu and Greenway [17] conducted
a comparative study for HTC using both conventional and microwave heating systems and examined
the effect of the reaction temperature on the hydrochar yield of prosopisafricana shells with two
different heating systems. Nizamuddin et al. [23] upgraded the different properties of rice husk by
using the MIHTC process. They also studied the effect of four process parameters of MIHTC on
the hydrochar yield as well observed a significant improvement in the chemical, fuel, structural and
thermal properties of hydrochar after the MIHTC process. A comparative review on MIHTC and
microwave pyrolysis was published recently [24].
In this study, the process parameters of MIHTC have been optimized for maximum hydrochar
yield by using the central composite design (CCD). The parameters include reaction temperature
(180–220 ◦C), reaction time (20–60 min), biomass to water ratio (1:5–1:15 w/v) and biomass particle size
(1–3 mm). Further, the rice straw and optimized hydrochar product are characterized for higher heating
value (HHV), ultimate analysis and proximate analysis. Moreover, Fourier transform infrared (FTIR)
analysis, scanning electron microscopy (SEM), X-ray diffraction (XRD) analysis and thermogravimetric
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(TGA) analysis is carried out for both the rice straw and optimized hydrochar. Additionally, N2
adsorption isotherms for the rice straw and optimized hydrochar have been plotted.
2. Materials and Methods
2.1. Rice Straw
Rice straw was received from Dowens Rice Hulls Pty. Ltd., Victoria, Australia and was washed
with tap water twice and then was washed with deionized water in order to eliminate the dirt and the
surface impurities. Then, the double-washed rice straw was dried in an oven at 105 ◦C for 24 h. The rice
straw was ground to particle sizes between 1–3 mm using a MF 10basic, IKA Labortechnik crusher
in order to investigate the effect of particle size on the hydrochar yield. The general lignocellulosic
composition of rice straw is 32% cellulose, 35.7% hemicellulose, 22.3% lignin and 10% extractives [25].
2.2. Microwave-Assisted Hydrothermal Carbonization Process
A QLab pro microwave digestion system, Questron Technologies Corp., with a maximum power
of 1200 W and temperature of 230 ◦C as shown in Figure 1 was used to conduct the experiments for
the MIHTC of rice straw. First, the deionized water and rice straw were put in the reactor vessel at the
desired biomass to water ratio, and then the vessel was tightly sealed. Then, the process parameter
values were set for the experimental run followed by the reaction of the samples. After the completion
of the reaction, the reactor was fan-cooled down to room temperature. The cooling fan helps to
maintain the temperature inside the reactor during the operation, and it supports in cooling down the
reactor vessel once the reaction is completed as the heater will be auto-turned off. As the reactor was
cooled down to room temperature, the gaseous products, which mainly consists of carbon dioxide [26]
(not investigated in this study) were vented out, and the hydrochar and bio-oil were separated by
filtration. The final hydrochar product was washed several times with deionized water and then was
dried in an oven at 105 ◦C for 24 h.
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2.3. Hydrochar Yield (%)
The hydrochar yield (wt %) is determined as the mass ratio between the hydrochar and the raw
rice straw loaded into the reactor as shown in Equation (1).
Yield (%) of hydrochar = (Weightdh/Weightdrs) × 100 (1)
where Weightdh is the amount of hydrochar product and Weightdrs is the amount of rice straw loaded
in the reactor.
2.4. Optimization of Process Parameters Using CCD
In this study, the CCD of the response surface methodology was utilized in order to optimize the
process parameters of the MIHTC of rice straw for the optimum synthesis of hydrochar. Table 1 shows
the process variables and their values for the hydrochar synthesis. The experimental design suggested
25 runs for the synthesis of hydrochar. Further, the design expert software version 6.08 and company
stat-ease, Inc. 2000 (Minneapolis, United States) was used to find the optimal reaction conditions for
hydrochar synthesis within the range of parameters tested. A complete design matrix with responses
(hydrochar yield wt %) is listed in Table 2.
Table 1. The process variables with their levels for synthesis of hydrochar via microwave-induced
hydrothermal carbonization (MIHTC).
Factor Unit High Coded Low Coded High Low
Temperature (A) ◦C 1 −1 220 180
Time (B) min 1 −1 60 20
Particle Size (C) mm 1 −1 3 1
Biomass to Water Ratio (D) w/v 1 −1 1:15 1:5
Table 2. The experimental design matrix suggested by the central composite design (CCD) with the
corresponding response results of the hydrochar yield (wt %).
Std Run Factor (A) Factor (B) Factor (C) Factor (D) Response (Yield%)
24 1 220 20 1 1:5 40.1
5 2 180 60 2 1:15 55.1
10 3 220 20 1 1:5 39.55
21 4 180 40 3 1:5 55.5
8 5 180 40 3 1:5 55.43
14 6 220 20 3 1:5 40.56
15 7 200 40 1 1:15 44.63
16 8 220 60 1 1:5 38.2
13 9 200 20 2 1:5 45.74
18 10 200 40 3 1:15 45.5
17 11 200 40 2 1:5 45.12
12 12 180 20 1 1:10 56.7
3 13 180 60 1 1:5 54.8
11 14 220 40 2 1:10 38.9
19 15 200 20 3 1:10 46.86
1 16 220 60 3 1:5 38.56
6 17 220 20 1 1:15 39.98
7 18 180 20 3 1:15 57.89
9 19 220 60 3 1:15 38.12
25 20 180 60 2 1:15 54.93
22 21 200 20 2 1:5 46.73
23 22 220 20 1 1:15 40.21
4 23 200 60 3 1:10 42.6
2 24 220 60 1 1:15 37.95
20 25 220 20 3 1:15 40.45
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2.5. Characterization of Rice Straw and Optimized Hydrochar
The CHNS/O analysis of rice straw and hydrochar was carried out using a 2400 Series II CHNS/O
Elemental Analysis (Perkin Elmer). The oxygen percentage was calculated by the mass balance after
subtracting the masses of hydrogen, carbon, nitrogen, sulphur and ash. HHV was calculated using
Equation (2) proposed by the Boie’s equation [27], and the energy densification was calculated by
Equation (3).
HHV (MJ/kg) = 0.3516(C) + 1.16225(H) − 0.1109(O) + 0.628(N) (2)
where C, H, O and N represent the mass contents of carbon, hydrogen, oxygen and nitrogen.
Energy densification = HHVdh/HHVdrs (3)
The proximate analysis of both the feedstock and main product was conducted by using TGA
following the method of Manoj et al. [28]. A Perkin Elmer FTIR Spectrometer (TA 8000) was used to
study the FTIR spectra (4000–550 cm−1) of rice straw and hydrochar using Attenuated total reflectance
(ATR) mode. The SEM graphs were obtained by using a Philips XL30 SEM (Edwards High Vacuum,
Sussex, UK). The TGA/DTG analysis was studied at 50–900 ◦C in nitrogen at 20 mL/min flow using a
Perkin Elmer STA 6000. The sample (approximately 10 mg) was placed in a crucible, the temperature
was increased at 10 ◦C/min and the readings were recorded every 30 s.
3. Results and Discussion
3.1. Optimization of Process Parameters for Hydrochar Synthesis
The MIHTC is strongly influenced by the process parameters; this research emphasizes the
optimization of the hydrochar yield across the process parameters of MIHTC. Several experiments
were conducted for the optimization of the process parameters based on a design expert software (6.08,
State-Ease, Inc. 2000, Minneapolis, MN, United States). The parameters used were (with their ranges)
reaction temperature (180–220 ◦C), reaction time (20–60 min), particle size (1–3 mm) and biomass to
water ratio (1:5–1:15 w/v), and the results obtained were employed in the design analysis to obtain the
optimized yield of hydrochar. Analysis of variance (ANOVA) was used to analyse the experimental
results as presented in Table 3. The regression model was evaluated based on a higher Fisher (F) value
and a lower p value. The high F value of 396.0004 and low probability p value of <0.0001 were obtained
for the model of the data, which implies the model was relevant. The equation developed on the effect
of the parameter levels on the hydrochar yield is shown in Equation (4).
Yield = 44.72264 −8.36678(A)− 1.27367(B) + 0.101172(C) + 0.123641(D)
+0.175091(AB) + 0.127969(AC)− 0.16454(AD)− 0.22143(BC)
−0.12982(BD) + 0.010792(CD) + 2.55697
(
A2
)
+ 0.130184
(
B2
)
−0.26385
(
C2
)
+ 0.457945
(
D2
) (4)
where A indicates the coded value of the reaction temperature, B represents the coded value of the
reaction time, C denotes the coded value of the particle size and D defines the coded value of the
biomass to water ratio. One-factor coefficients show the effect of any particular factor, while two-factor
coefficients highlight the interactive effect between two factors. A positive (+) sign represents a
synergistic effect, whereas a negative (−) sign illustrates an antagonistic effect.
Figure 2 shows theoretical (predicted) values versus the experimental (actual) values for the yield
of hydrochar. It is apparent from Figure 2 that the predicted values of the hydrochar yield are close to
the actual values of the hydrochar yield, which confirms that the established model demonstrates an
effect to correlate the MIHTC parameters with the hydrochar yield.
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Table 3. The ANOVA for the hydrochar yield % of the MIHTC of rice straw.
Source Sum ofSquares DF
Mean
Square F Value Prob > F Status
Model 1184.857 14 84.63266 396.0004 <0.0001 significant
(A) Temperature 1032.732 1 1032.732 4832.204 <0.0001
(B) Time 23.87823 1 23.87823 111.7274 <0.0001
(C) Particle Size 0.148824 1 0.148824 0.696356 0.4235
(D) Water to Biomass 0.291942 1 0.291942 1.366012 0.2696
AB 0.350942 1 0.350942 1.642077 0.2290
AC 0.180202 1 0.180202 0.843175 0.3801
AD 0.327317 1 0.327317 1.531533 0.2442
BC 0.645949 1 0.645949 3.022428 0.1128
BD 0.202082 1 0.202082 0.945552 0.3538
CD 0.00162 1 0.00162 0.007578 0.9323
A2 24.85305 1 24.85305 116.2886 <0.0001
B2 0.054034 1 0.054034 0.252827 0.6260
C2 0.210648 1 0.210648 0.985632 0.3442
D2 0.583457 1 0.583457 2.730023 0.1295
Residual 2.137186 10 0.213719
Lack of Fit 1.452536 5 0.290507 2.121575 0.2143 not significant
Pure Error 0.68465 5 0.13693
Cor Total 1186.994 24
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The effect of the MIHTC parameters and their interaction on the yield of hydrochar is exhibited in
the 3-dimensional response graphs shown in Figure 3a–f. The combined effect of the reaction time
and temperature is presented in Figure 3a, which suggests that a higher yield of hydrochar will be
produced at a lower reaction temperature and lower reaction time. Similar trends for the HTC of oil
palm shells was observed in the literature [29]. Figure 3b illustrates the joint effect of temperature and
particle size, and it is observed that a higher particle size and lower reaction temperature generate
a greater hydrochar yield. The interaction between temperature and the biomass to water ratio is
presented in Figure 3c, which reports that both a low temperature and low biomass to water ratio will
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produce a greater yield of hydrochar. The combined effect of the reaction time with the particle size is
shown in Figure 3d. The graph shows that a low reaction time and high particle size will form a higher
yield of hydrochar. Figure 3e demonstrates the combined effect of the reaction time with the biomass
to water ratio. It can be seen from Figure 3e that a lower time and lower biomass to water ratio will
generate a greater yield of hydrochar. Figure 3f shows the combined interactive effect of the biomass to
water ratio and particle size. It is evident from Figure 3f that a higher particle size and lower biomass
to water ratio will form a higher yield of hydrochar.
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3.2. Characterization of Rice Straw and Optimized Hydrochar
3.2.1. HHV and Energy Density
The HHV of the raw rice straw and optimized hydrochar is compared to various hydrochars
synthesized by the MIHTC of different biomasses and of peat and lignite coals in Table 4. It is shown
in Table 4 that the HHV of rice straw is 12.3 MJ/kg which increased to 17.8 MJ/kg in optimized
hydrochar after the MIHTC. It is evident from Table 4 that the HHV of optimized hydrochar is similar
to that of hydrochars produced from the microwave processing of various biomasses such as bamboo
hydrochar (17.2 MJ/kg), barley straw hydrochar (17.8 MJ/kg), wheat straw hydrochar (17.9 MJ/kg)
and rapeseed husk hydrochar (21.6 MJ/kg). Further, it is comparable to lignite coal (16.9 MJ/kg) and
peat (15.4 MJ/kg), confirming the suitability of hydrochar as a solid fuel.
Table 4. The higher heating valuse (HHV) (MJ/kg) of rice straw, the optimized hydrochar, the different
hydrochars synthesised by MIHTC and various coal types.
Materials HHV (MJ/kg) References
Rice Straw 12.3 This Study
Rice Straw Hydrochar 17.6 This Study
Bamboo Hydrochar 17.2 [30]
Barley Straw Hydrochar 17.8 [31]
Wheat Straw Hydrochar 17.9 [31]
Rapeseed Husk Hydrochar 21.6 [21]
Lignite Coal 16.9 [32]
Peat 15.4 [32]
An increased HHV of the optimized hydrochar after MIHTC is credited mainly to the influence of
the reaction temperature and reaction time of the MIHTC process. Higher reaction temperatures cause
an enhancement in the carbon content resulting in an improved HHV [33]. In addition to that, the
HHV of hydrochars goes up at higher reaction times, which represents higher degrees of carbonization
achieved during MIHTC [17]. It is reported that the HHV value of the hydrochar produced from the
MIHTC of glucose increased from 16.90 MJ/kg at 15 min to 21.30 MJ/kg at 45 min and remained
stable afterwards [16]. Other research found that the HHV of hydrochar increased from 18.25 MJ/kg
to 21.10 MJ/kg by increasing the MIHTC reaction time from 60 min to 120 min [14]. The improvement
in HHV of optimized hydrochars may be attributed to a higher lignin content of rice straw. The HHV
of lignin is higher compared to hemicellulose and cellulose because of the degree of the oxidation.
The lignin has a lower oxidation degree as compared to cellulose and hemicelluloses [34,35].
Energy densification defines the process of transforming feedstock with a lower energy density
to fuels with a higher energy density. During the MIHTC of biomass, the energy density depends
upon the higher degree of carbonization, i.e. reactions such as condensation, decarboxylation and
dehydration, which increase the carbon content of the hydrochar [17]. The energy densification of the
optimized hydrochar is 1.43, indicating the MIHTC process alters the lower energy rice straw into a
higher energy hydrochar. The energy densification of the optimized hydrochar, i.e., 1.43, is in the range
of the hydrochars produced from MIHTC of different biomasses reported in literature (1.23–1.55) [16].
An improvement in the energy density of the optimized hydrochar is attributed mainly to
the reaction time and temperature of the MIHTC process. The energy densification improved by
increasing the temperature [19]. Nakason et al. [36] investigated the effect of both the reaction time and
temperature on the energy density of hydrochars produced from rice husk. It was observed that the
energy densification increased from 1.07 to 1.20 by increasing the reaction temperature from 140 ◦C to
200 ◦C, whereas it increased from 1.16 to 1.20 by increasing the reaction time from 1 hour to 4 h.
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3.2.2. Ultimate Analysis
The CHNS/O analysis describes the elemental composition (carbon, hydrogen, oxygen, nitrogen
and sulphur) of a material [35]. The ultimate analysis defines the composition and may be used to
determine the likely amount of gas released by combustion as well as the quantity of oxygen needed
to burn fuels or biomass [37]. More oxygen and less carbon in biomass or biofuels are not favorable
because the high oxygen content lowers the HHV, causes corrosion of the metallic reactor vessels and
its joints and also increases the instability of biofuels [38].
The ultimate analysis of raw rice straw and the optimized hydrochar is shown in Figure 4.
The carbon value of rice straw was 37.19%, which increased to 48.8% in an optimized hydrochar.
On the other hand, the oxygen content of rice straw was 57.6% which decreased to 45.3% in the
optimized hydrochar after the MIHTC process. Higher carbon and lower oxygen contents are
considered to enhance the combustion properties of hydrochars [35,39]. An increase of the carbon
content and decrease of the oxygen content after the MIHTC process are attributed to the deoxygenation
reactions (decarboxylation and dehydration reaction) taking place during the MIHTC which is
influenced by the process parameters (reaction temperature and reaction time) [40,41]. The higher
temperature and time cause a greater increase in the carbon content and a decrease in the oxygen
content [14,22]. Kannan et al. [14] reported that the carbon content increased from 37.0% to 49.0%
whereas oxygen percentage reduced from 50.67% to 39.31% by varying the reaction time from 60 min
to 120 min. Another research work studied the MIHTC of fish waste and found that the carbon content
rose from 27.0% to 50.0% whereas the oxygen content decreased from 65.0% to 37.0% by increasing the
reaction time from 60 min to 120 min [15].
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protein fraction being less reactive during the process. 
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A inor increase in the nitrogen of hydrochar products was observed after the IHTC process.
The nitrogen content of rice straw was 0.2%, which increased to 0.4% in the hydrochar, indicating that
the nitrogen content in rice straw is not removed by dissolution in hot water and is retained in the
hydrochar [42]. An increase in the nitrogen content of hydrochars could be attributed to the protein
fraction being less reactive during the process.
A Van Krevelen diagram is used to show the changes taking place in the ultimate analysis with
the types of reactions during hydrocarbonization and to relate these changes to fuel quality [43,44].
The results of this study are compared to hydrochars produced from the MIHTC of different biomasses
and various low-rank coals [45] in Figure 5. Figure 5 plots the H/C atomic ratio versus the O/C
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atomic ratio. Generally, a lower H/C and O/C value will result in a higher fuel quality. The results
show that the H/C and O/C ratios were lower in the optimized hydrochar than in raw rice straw
as a consequence of the carbonization reactions with a possible increase in the aromaticity of the
hydrochar [46]. Further, the H/C and O/C values of the optimized hydrochar are similar to various
hydrochars produced from MIHTC and comparable to different types of coal. The lower O/C ratio of
the hydrochar showed the advantages of the HTC process over the conventional torrefaction [42]. It is
reported in the literature that partially carbonized products having low H/C and O/C atomic ratios
are produced from the HTC process [20].
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Lower H/C and O/C atomic ratios of optimized hydrochars compared to raw rice straw (reference
Figure 5) indicates that dehydration, demethylation and decarboxylation reactions occurred during
the MIHTC [47].
3.2.3. Proximate Analysis
The proximate analysis is an important characteristic of biomass and fuels which relates the
energy content by comparing the ratio of combustible substances t noncombustibles. It measur
fix d carbon, moisture, volatile matter and ash contents present in the samples. The proximate analysi
results of rice straw and its optimiz d hydrochar i listed in Table 5, and values are compared to thos
of various coal . Gen rally, fuel with low moisture, l w volatiles and high fixed carbon is considered a
g od fuel because higher fixed c rbon causes an increment in HHV whereas higher volatile matter
present in fuel drops its combustion performance [48]. Higher amounts of volatile matt r present
in biomass has a significant effect on its direct combustion and o-combustion with coal causing a
reduced combustion performance and higher pollutant emissions [49]. The rice straw hydrochar can
be a suitable candidate for co-combustion with coal due to a less volatile atter in hydroc ar; h nce, it
will provide bett r combustion properties and will emit fewer pollutants during co-c mbustion with
coal. In addition to that, solid biofuels will improve the flame t bility and will provide better control
of the burning process [50].
From Table 5, the moisture content and volatile matter of rice straw were 8.53% and 70.20%, which
decreased to 2.5% and 45.6% respe tively in the optimized hydr char. Fu ther, the fixed carbon content
of ri e straw was 14.37% which increas d to 35.4% for the ti i . An inc ease in the
fixed carbon and a decrease in the volatile matter are affected by the reaction temperature because
biomass degrades significantly at higher temperatures resulting in a decreasing volatile matter and
ultimately enhancing the fixed carbon content [48]. A rise in the value of fixed carbon is indicated by a
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release of volatile matters taking place during the MIHTC [51]. Nizamuddin et al. [23] observed an
increased in fixed carbon after the MIHTC of rice husk and suggested that it is attributed to the release
of the higher amount of volatile matters during the MHTC of rice husk. According to Yuan et al. [48],
biomass is degraded significantly at higher temperatures, which results in the decrement of volatile
matters, ultimately increasing the fixed carbon content. The same study reported the conversion of
corn stalk into a good quality fuel because the volatile matter was decreased and the fixed carbon
content was increased in the products. An increase in fixed carbon increases the HHV while the higher
amount of volatile matters in fuel decreases its combustion performance.
The ash content increased from 6.9% of rice straw to 16.5% in rice straw hydrochar, which is in
agreement to previous literature [26,52]. Reza et al. [53] observed that the ash content of rice hull was
21% which increased to 29.8% in rice hull biochar, which is attributed to the reaction temperature.
The proximate analysis results of the optimized hydrochar are similar to those of various types of coal
as shown in Table 5.
Table 5. The proximate analysis of rice straw, the optimized hydrochar and different types of coals.
Materials Moisture(%)
Fixed Carbon
(%)
Volatile
Matters (%)
Ash
(%) References
Rice Straw 8.53 14.37 70.20 6.9 This study
Rice Straw Hydrochar 2.5 35.4 45.6 16.5 This study
Australian Bituminous Coal 3.8 33.0 39.6 23.6 [54]
Indonesian Subbituminous Coal - 46.8 50.2 28.7 [55]
Chinese Lignite Coal 8.1 26.7 50.1 23.2 [56]
Chinese Bituminous Coal 13.5 59.7 31.4 8.9 [56]
South African Coal - 56.1 25.8 18.0 [57]
3.2.4. FTIR Analysis
The functional groups present on the hydrochar surfaces can influence biodegradability and play
a vital role in adsorption processes. FTIR spectroscopy is conducted to identify the functional groups
present on the surface of biomass and biofuels. It also indicates the surface changes occurring during
the processing of biomass [58]. The FTIR analysis of both the rice straw and optimized hydrochars was
conducted by using FTIR spectra at the wavenumber ranges of 4000 to 550 cm−1 as shown in Figure 6.
The spectra of the found compounds offer information about the readily available bonds [59].Materials 2019, 12, x FOR PEER REVIEW  12 of 20 
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A strong and broadband peak was observed for both the rice straw and optimized hydrochar at
around a 3400 to 3300 cm−1 –OH broad vibration of carboxylic, phenolic or alcoholic functional groups.
This peak is decreased slightly in hydrochars suggesting that dehydration reactions are occurring
during the MIHTC [60]. The peak around 2900–2800 cm−1 for both the rice straw and hydrochars
shows the C–H stretching vibrations of the –CH3 and –CH2 functional groups representing volatile
removal [61] and the CHn stretching vibration which shows the presence of aliphatic and aromatic
compounds. The bands at 1700 cm−1 are assigned to the carboxyl C–O groups [62]. The peaks at
1653 cm−1 and 1637cm−1 were observed for rice straw and hydrochar, which belongs to the C=N
stretching due to the presence of oximes functional groups. The modes of aromatic C–H vibrations
have been reported at 1417 cm−1 [63]. Several peaks were found in both the rice straw and the
optimized hydrochar at 1100 cm−1 and 752 cm−1 indicating the existence of aromatic functional
groups, respectively which did not change with thermochemical processing, i.e., MIHTC.
3.2.5. SEM Analysis
SEM is one of the techniques used to analyse the morphological structures of biomass and the
products obtained from biomass by various processes. The SEM images of rice straw and optimized
hydrochars are shown in Figure 7a,b. As expected, the morphological structure of the hydrochar has
changed by forming pores on its surface, suggesting that the structural transformation of rice straw
occurred during the MIHTC. This behavior implies that the lignocellulosic structure of rice straw was
eroded during the MIHTC.
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It is evident from Figure 7a that there are no pores available on the surface of rice straw, while the
pores were formed on the hydrochar surface due to the removal of volatile matter during the MIHTC
process [22]. The pore formations on the hydrochar surfaces are influenced by the reaction temperature
and time of MIHTC; hemicellulose and cellulose decompose significantly at higher reaction times,
causing the formation of pores throughout the hydrochar [60]. The biomass is significantly degraded
at higher temperatures. The higher temperatures cause an exposure of layers of the biomass improving
the hydrochar porosity. Marx et al. [64] suggests that the walls of neighboring pores are destroyed
at higher temperatures resulting in a broadening of the pore diameters. The pore structures on the
hydrochar surfaces allow dewatering of the hydrochar more easily during filtration as the hydrochar
pores enable water drainage from the MIHTC product. Such properties also support the rapid drying
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of hydrochars [22]. The porous structure of hydrochars produced at higher temperatures of the MIHTC
means that the hydrochar can potentially be utilized for adsorption and sequestration applications [14].
Although the porosity of hydrochar is improved after MIHTC and it is greater than in the raw
rice straw, it is well documented in the literature that the porosity of hydrochars is quite low and not
well upgraded during HTC due to the deposition of secondary microspheres on the top of the primary
chars. Therefore, the activation of hydrochars (either physical or chemical) is necessary to get a higher
porosity and to improve the hydrochar adsorption capacity [65].
3.2.6. XRD Analysis
The XRD pattern displaying the crystallinity of the rice straw and optimized hydrochar is shown
in Figure 8. Typically, two characteristic peaks were observed at 2θ of 15◦ and 26◦, which are reported
to be typical cellulose peaks [66]. The increased intensity of peaks is located in the range of 10◦ and
35◦ (2θ), which is recognized to be due to the diffraction of amorphous carbon [40]; this indicates that
the rice straw was successfully carbonized to a carbon form. The crystallinity percentage of hydrochar
was improved during MIHTC, which is due to the loss of the amorphous components, i.e., lignin
and hemicellulose [67], existing in rice straw. According to Liu et al. [68], a higher crystallinity of
hydrochar is credited to the hydrolysis of hemicellulose and cellulose in the amorphous region during
the hydrothermal processing. It also was reported that crystallinity is indirectly proportional to the
reaction temperature, suggesting that crystallinity will decrease by increasing the temperature.Materials 2019, 12, x FOR PEER REVIEW  14 of 20 
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3.2.7. TGA/DTG Analysis
In this study, TGA was used to study the thermal stability of the raw rice straw and optimized
hydrochars in order to study the thermal stability of the materials. Figure 9a,b shows the TGA and
DTG analysis of the raw rice straw and the optimized hydrochar. It is observed from Figure 9a that
in the first stage, moisture was removed up to 150 ◦C from both the samples due to evaporation and
dehydration processes [19]. The second stage of weight loss occurred between 220–380 ◦C, which is
due to the decomposition of hemicellulose and cellulose occurring at these temperatures. Elaigwu and
Greenway [17] suggested that weight loss taking place between 220 ◦C and 410 ◦C is attributed to
hemicellulose and cellulose decomposition whereas chemical bond breakage is initiated to release light
volatile compounds. The low rate of mass loss after 400 ◦C indicates the level of nonvolatile matter,
with the optimized char having a much higher level of this material.
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adsorption and demonstrating the presence of micropores and mesopores. 
Figure 9. (a) The TGA analysis and (b) DTG analysis of rice straw and optimized hydrochars.
The DTG graph shows two peaks for both the materials (refer Figure 9b). The first peak, which
is in drying region, was at 50–150 ◦C which is attributed to the dehydration of the rice straw and
hydrochar [69]. The second peak was noted at 300–350 ◦C, which is a sharp and tall peak, and it is due
to the degradation of hemicellulose and cellulose [70]. The peaks denote that weight loss of hydrochar
by hemicellulose and cellulose degradation is much lower as much of these components have been
altered by the MIHTC process [71].
3.2.8. N2 Adsorption/Desorption Isotherm
The N2 adsorption isotherm for rice straw and optimized hydrochar is shown in Figure 10.
The hysteresis loop behavior indicates the adsorption fits the type I and type IV isotherms. The N2
adsorption behavior of the optimized hydrochar is greater than that of the rice straw, which is due
to a rise in the relative pressure of N2 molecules which are located in wider pores, making a greater
adsorption and demonstrating the presence of micropores and mesopores.
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4. Conclusions
The effect of the process parameters of MIHTC including temperature, time, particle size and
biomass to water ratio was optimized using the CCD methodology. The optimal yield of hydrochars
was obtained at a 180 ◦C reaction temperature, a 20 min reaction time, a 1:15 w/v biomass to water
ratio and a 3 mm particle size. The results suggest that the transformation of rice straw occurred
during the MIHTC due to different reactions taking place including decarboxylation, dehydration and
demethylation, which led to the improvement in energy and the chemical and structural characteristics
of the optimized hydrochar. The HHV, carbon content and fixed carbon values increased whereas
the oxygen content, moisture and volatile matter contents decreased in the hydrochar. These values
were similar to various types of coal, confirming the potential suitability of hydrochar as a solid fuel.
The SEM results suggest that the fibrous structure of rice straw was eroded during MIHTC, which
caused pores formation on the hydrochar surface. The TGA/DTG result shows that thermal stability
of the hydrochar was enhanced after MIHTC.
Based on the results of the HHV, energy density, ultimate analysis and proximate analysis, it can
be suggested that the hydrochar can potentially be utilized as a solid fuel comparable to different coals.
Other findings also suggest that the potential applications of hydrochar could include adsorption,
carbon sequestration, energy and agriculture applications.
t or Contributions: Conceptualiz tion, S.N. and H.A.B.; methodology, N.M.M.; software, M.T.H.S.; validation,
M.T.H.S., S.N. and P.T.; formal analysis, P.T. and S.N.; investigation, S.N.; resources, S.N.; data curation, H.A.B.;
writing—original draft preparation, S.N, D.K.D.; writing—review and editing, S.N; Revision, S.S.Q.; supervision,
G.J.G., S.M. and A.T.
Funding: The funders had no role in the design of the study; in the collection, analyses, or interpretation of data;
in the writing of the manuscript, or in the decisio t publish the results.
Conflicts of Interest: The authors declare no conflict of interest.
Materials 2019, 12, 403 16 of 19
References
1. Huang, Y.F.; Kuan, W.; Lo, S.; Lin, C. Total recovery of resources and energy from rice straw using
microwave-induced pyrolysis. Bioresour. Technol. 2008, 99, 8252–8258. [CrossRef] [PubMed]
2. Kadam, K.L.; Forrest, L.H.; Jacobson, W.A. Rice straw as a lignocellulosic resource: Collection, processing,
transportation, and environmental aspects. Biomass Bioenergy 2000, 18, 369–389. [CrossRef]
3. Momayez, F.; Karimi, K.; Karimi, S.; Horváth, I.S. Efficient hydrolysis and ethanol production from rice straw
by pretreatment with organic acids and effluent of biogas plant. RSC Adv. 2017, 7, 50537–50545. [CrossRef]
4. Lehmann, J.; Joseph, S. Biochar for Environmental Management: Science, Technology and Implementation;
Routledge: Abingdon, UK, 2015.
5. Xue, Y.; Gao, B.; Yao, Y.; Inyang, M.; Zhang, M.; Zimmerman, A.R.; Ro, K.S. Hydrogen peroxide modification
enhances the ability of biochar (hydrochar) produced from hydrothermal carbonization of peanut hull to
remove aqueous heavy metals: Batch and column tests. Chem. Eng. J. 2012, 200, 673–680. [CrossRef]
6. Gronwald, M.; Don, A.; Tiemeyer, B.; Helfrich, M. Effects of fresh and aged chars from pyrolysis and
hydrothermal carbonization on nutrient sorption in agricultural soils. Soil 2015, 1, 475. [CrossRef]
7. Kang, S.; Ye, J.; Zhang, Y.; Chang, J. Preparation of biomass hydrochar derived sulfonated catalysts and their
catalytic effects for 5-hydroxymethylfurfural production. RSC Adv. 2013, 3, 7360–7366. [CrossRef]
8. Sevilla, M.; Fuertes, A.B. Sustainable porous carbons with a superior performance for CO2 capture.
Energy Environ. Sci. 2011, 4, 1765–1771. [CrossRef]
9. Luz, F.C.; Volpe, M.; Fiori, L.; Manni, A.; Cordiner, S.; Mulone, V.; Rocco, V. Spent coffee enhanced biomethane
potential via an integrated hydrothermal carbonization-anaerobic digestion process. Bioresour. Technol. 2018,
256, 102–109.
10. Brown, A.; McKeogh, B.; Tompsett, G.; Lewis, R.; Deskins, N.; Timko, M. Structural analysis of hydrothermal
char and its models by density functional theory simulation of vibrational spectroscopy. Carbon 2017, 125,
614–629. [CrossRef]
11. Kambo, H.S.; Dutta, A. A comparative review of biochar and hydrochar in terms of production,
physico-chemical properties and applications. Renew. Sustain. Energy Rev. 2015, 45, 359–378. [CrossRef]
12. Mumme, J.; Eckervogt, L.; Pielert, J.; Diakité, M.; Rupp, F.; Kern, J. Hydrothermal carbonization of
anaerobically digested maize silage. Bioresour. Technol. 2011, 102, 9255–9260. [CrossRef] [PubMed]
13. Lin, Y.-C.; Wu, T.-Y.; Liu, W.-Y.; Hsiao, Y.-H. Production of hydrogen from rice straw using
microwave-induced pyrolysis. Fuel 2014, 119, 21–26. [CrossRef]
14. Kannan, S.; Gariepy, Y.; Raghavan, G.V. Optimization and Characterization of Hydrochar Derived from
Shrimp Waste. Energy Fuels 2017, 31, 4068–4077. [CrossRef]
15. Kannan, S.; Gariepy, Y.; Raghavan, G.V. Optimization and characterization of hydrochar produced from
microwave hydrothermal carbonization of fish waste. Waste Manag. 2017, 65, 159–168. [CrossRef] [PubMed]
16. Elaigwu, S.E.; Greenway, G.M. Chemical, structural and energy properties of hydrochars from
microwave-assisted hydrothermal carbonization of glucose. Int. J. Ind. Chem. 2016, 7, 449–456. [CrossRef]
17. Elaigwu, S.E.; Greenway, G.M. Microwave-assisted and conventional hydrothermal carbonization of
lignocellulosic waste material: Comparison of the chemical and structural properties of the hydrochars.
J. Anal. Appl. Pyrolysis 2016, 118, 1–8. [CrossRef]
18. Guiotoku, M.; Rambo, C.R.; Hotza, D. Charcoal produced from cellulosic raw materials by
microwave-assisted hydrothermal carbonization. J. Therm. Anal. Calorim. 2014, 117, 269–275. [CrossRef]
19. Afolabi, O.O.; Sohail, M.; Thomas, C. Characterization of solid fuel chars recovered from microwave
hydrothermal carbonization of human biowaste. Energy 2017, 134, 74–89. [CrossRef]
20. Guiotoku, M.; Rambo, C.; Hansel, F.; Magalhaes, W.; Hotza, D. Microwave-assisted hydrothermal
carbonization of lignocellulosic materials. Mater. Lett. 2009, 63, 2707–2709. [CrossRef]
21. Elaigwu, S.E.; Greenway, G.M. Microwave-assisted hydrothermal carbonization of rapeseed husk: A strategy
for improving its solid fuel properties. Fuel Process. Technol. 2016, 149, 305–312. [CrossRef]
22. Afolabi, O.O.; Sohail, M.; Thomas, C. Microwave hydrothermal carbonization of human biowastes.
Waste Biomass Valorization 2015, 6, 147–157. [CrossRef]
23. Nizamuddin, S.; Siddiqui, M.T.H.; Baloch, H.A.; Mubarak, N.M.; Griffin, G.; Madapusi, S.; Tanksale, A.
Upgradation of chemical, fuel, thermal, and structural properties of rice husk through microwave-assisted
hydrothermal carbonization. Environ. Sci. Pollut. Res. 2018, 25, 17529–17539. [CrossRef] [PubMed]
Materials 2019, 12, 403 17 of 19
24. Nizamuddin, S.; Baloch, H.A.; Siddiqui, M.; Mubarak, N.; Tunio, M.; Bhutto, A.; Jatoi, A.S.; Griffin, G.;
Srinivasan, M. An overview of microwave hydrothermal carbonization and microwave pyrolysis of biomass.
Rev. Environ. Sci. Bio/Technol. 2018, 17, 813–837. [CrossRef]
25. Worasuwannarak, N.; Sonobe, T.; Tanthapanichakoon, W. Pyrolysis behaviors of rice straw, rice husk, and
corncob by TG-MS technique. J. Anal. Appl. Pyrolysis 2007, 78, 265–271. [CrossRef]
26. Volpe, M.; Wüst, D.; Merzari, F.; Lucian, M.; Andreottola, G.; Kruse, A.; Fiori, L. One stage olive mill waste
streams valorisation via hydrothermal carbonisation. Waste Manag. 2018, 80, 224–234. [CrossRef]
27. Du, Y.; Schuur, B.; Samorì, C.; Tagliavini, E.; Brilman, D.W.F. Secondary amines as switchable solvents for
lipid extraction from non-broken microalgae. Bioresour. Technol. 2013, 149, 253–260. [CrossRef]
28. Tripathi, M.; Sahu, J.; Ganesan, P.; Jewaratnam, J. Thermophysical characterization of oil palm shell (OPS) and
OPS char synthesized by the microwave pyrolysis of OPS. Appl. Therm. Eng. 2016, 105, 605–612. [CrossRef]
29. Nizamuddin, S.; Mubarak, N.; Tiripathi, M.; Jayakumar, N.; Sahu, J.; Ganesan, P. Chemical, dielectric and
structural characterization of optimized hydrochar produced from hydrothermal carbonization of palm
shell. Fuel 2016, 163, 88–97. [CrossRef]
30. Li, M.-F.; Shen, Y.; Sun, J.-K.; Bian, J.; Chen, C.-Z.; Sun, R.-C. Wet torrefaction of bamboo in hydrochloric acid
solution by microwave heating. ACS Sustain. Chem. Eng. 2015, 3, 2022–2029. [CrossRef]
31. Satpathy, S.K.; Tabil, L.G.; Meda, V.; Naik, S.N.; Prasad, R. Torrefaction of wheat and barley straw after
microwave heating. Fuel 2014, 124, 269–278. [CrossRef]
32. Haykiri-Açma, H.; Ersoy-Meriçboyu, A.; Küçükbayrak, S. Combustion reactivity of different rank coals.
Energy Convers. Manag. 2002, 43, 459–465. [CrossRef]
33. Zhao, P.; Shen, Y.; Ge, S.; Yoshikawa, K. Energy recycling from sewage sludge by producing solid biofuel
with hydrothermal carbonization. Energy Convers. Manag. 2014, 78, 815–821. [CrossRef]
34. DEMI˙RBAS¸, A. Fuel and combustion properties of bio-wastes. Energy Sources 2005, 27, 451–462. [CrossRef]
35. Khan, A.; De Jong, W.; Jansens, P.; Spliethoff, H. Biomass combustion in fluidized bed boilers: Potential
problems and remedies. Fuel Process. Technol. 2009, 90, 21–50. [CrossRef]
36. Nakason, K.; Panyapinyopol, B.; Kanokkantapong, V.; Viriya-empikul, N.; Kraithong, W.; Pavasant, P.
Hydrothermal carbonization of unwanted biomass materials: Effect of process temperature and retention
time on hydrochar and liquid fraction. J. Energy Inst. 2018, 91, 786–796. [CrossRef]
37. Chang, S.H. An overview of empty fruit bunch from oil palm as feedstock for bio-oil production.
Biomass Bioenergy 2014, 62, 174–181. [CrossRef]
38. Lu, Q.; Li, W.-Z.; Zhu, X.-F. Overview of fuel properties of biomass fast pyrolysis oils. Energy Convers. Manag.
2009, 50, 1376–1383. [CrossRef]
39. Sevilla, M.; Maciá-Agulló, J.A.; Fuertes, A.B. Hydrothermal carbonization of biomass as a route for the
sequestration of CO2: Chemical and structural properties of the carbonized products. Biomass Bioenergy 2011,
35, 3152–3159. [CrossRef]
40. Kang, S.; Li, X.; Fan, J.; Chang, J. Characterization of hydrochars produced by hydrothermal carbonization of
lignin, cellulose, D-xylose, and wood meal. Ind. Eng. Chem. Res. 2012, 51, 9023–9031. [CrossRef]
41. Liu, Z.; Quek, A.; Kent Hoekman, S.; Balasubramanian, R. Production of solid biochar fuel from waste
biomass by hydrothermal carbonization. Fuel 2013, 103, 943–949. [CrossRef]
42. Hoekman, S.K.; Broch, A.; Robbins, C.; Zielinska, B.; Felix, L. Hydrothermal carbonization (HTC) of selected
woody and herbaceous biomass feedstocks. Biomass Convers. Biorefinery 2013, 3, 113–126. [CrossRef]
43. Funke, A.; Ziegler, F. Hydrothermal carbonization of biomass: A summary and discussion of chemical
mechanisms for process engineering. Biofuels Bioprod. Biorefin. 2010, 4, 160–177. [CrossRef]
44. Hoekman, S.K.; Broch, A.; Robbins, C. Hydrothermal carbonization (HTC) of lignocellulosic biomass.
Energy Fuels 2011, 25, 1802–1810. [CrossRef]
45. Ibarra, J.; Munoz, E.; Moliner, R. FTIR study of the evolution of coal structure during the coalification process.
Org. Geochem. 1996, 24, 725–735. [CrossRef]
46. Lin, H.; Wang, S.; Zhang, L.; Ru, B.; Zhou, J.; Luo, Z. Structural evolution of chars from biomass components
pyrolysis in a xenon lamp radiation reactor. Chin. J. Chem. Eng. 2017, 25, 232–237. [CrossRef]
47. Elaigwu, S.E.; Greenway, G.M. Characterization of Energy-Rich Hydrochars from Microwave-Assisted
Hydrothermal Carbonization of Coconut Shell. Waste Biomass Valorization 2018, 1–9. [CrossRef]
Materials 2019, 12, 403 18 of 19
48. Liu, Y.; Yuan, X.-Z.; Huang, H.-J.; Wang, X.-L.; Wang, H.; Zeng, G.-M. Thermochemical liquefaction of
rice husk for bio-oil production in mixed solvent (ethanol–water). Fuel Process. Technol. 2013, 112, 93–99.
[CrossRef]
49. Pala, M.; Kantarli, I.C.; Buyukisik, H.B.; Yanik, J. Hydrothermal carbonization and torrefaction of grape
pomace: A comparative evaluation. Bioresour. Technol. 2014, 161, 255–262. [CrossRef] [PubMed]
50. Gao, L.; Volpe, M.; Lucian, M.; Fiori, L.; Goldfarb, J.L. Does hydrothermal carbonization as a biomass
pretreatment reduce fuel segregation of coal-biomass blends during oxidation? Energy Convers. Manag. 2019,
181, 93–104. [CrossRef]
51. Nizamuddin, S.; Baloch, H.A.; Mubarak, N.M.; Riaz, S.; Siddiqui, M.; Takkalkar, P.; Tunio, M.; Mazari, S.;
Bhutto, A.W. Solvothermal Liquefaction of Corn Stalk: Physico-Chemical Properties of Bio-oil and Biochar.
Waste Biomass Valorization 2018, 1–12. [CrossRef]
52. Smith, A.M.; Singh, S.; Ross, A.B. Fate of inorganic material during hydrothermal carbonisation of biomass:
Influence of feedstock on combustion behaviour of hydrochar. Fuel 2016, 169, 135–145. [CrossRef]
53. Reza, M.T.; Lynam, J.G.; Uddin, M.H.; Coronella, C.J. Hydrothermal carbonization: Fate of inorganics.
Biomass Bioenergy 2013, 49, 86–94. [CrossRef]
54. Vhathvarothai, N.; Ness, J.; Yu, Q.J. An investigation of thermal behaviour of biomass and coal during
copyrolysis using thermogravimetric analysis. Int. J. Energy Res. 2014, 38, 1145–1154. [CrossRef]
55. Buratti, C.; Barbanera, M.; Bartocci, P.; Fantozzi, F. Thermogravimetric analysis of the behavior of
sub-bituminous coal and cellulosic ethanol residue during co-combustion. Bioresour. Technol. 2015, 186,
154–162. [CrossRef] [PubMed]
56. Fu, J.; Wang, J. Enhanced slurryability and rheological behaviors of two low-rank coals by thermal and
hydrothermal pretreatments. Powder Technol. 2014, 266, 183–190. [CrossRef]
57. Becker, A.; Schiemann, M.; Heuer, S.; Vorobiev, N.; Scherer, V.; Haxter, D. A standardized method for the
characterization of coal ignition under oxyfuel conditions. In Proceedings of the 32nd Pittsburgh Coal
Conference, Pittsburgh, PA, USA, 5–8 October 2015; pp. 1–12.
58. Ofori-Boateng, C.; Lee, K.T.; Saad, B. A biorefinery concept for simultaneous recovery of cellulosic ethanol
and phenolic compounds from oil palm fronds: Process optimization. Energy Convers. Manag. 2014, 81,
192–200. [CrossRef]
59. Chadwick, D.T.; McDonnell, K.P.; Brennan, L.P.; Fagan, C.C.; Everard, C.D. Evaluation of infrared techniques
for the assessment of biomass and biofuel quality parameters and conversion technology processes: A review.
Renew. Sustain. Energy Rev. 2014, 30, 672–681. [CrossRef]
60. Gao, Y.; Wang, X.; Wang, J.; Li, X.; Cheng, J.; Yang, H.; Chen, H. Effect of residence time on chemical and
structural properties of hydrochar obtained by hydrothermal carbonization of water hyacinth. Energy 2013,
58, 376–383. [CrossRef]
61. Asadieraghi, M.; Wan Daud, W.M.A. Characterization of lignocellulosic biomass thermal degradation and
physiochemical structure: Effects of demineralization by diverse acid solutions. Energy Convers. Manag.
2014, 82, 71–82. [CrossRef]
62. Shin, S.; Jang, J.; Yoon, S.-H.; Mochida, I. A study on the effect of heat treatment on functional groups of
pitch based activated carbon fiber using FTIR. Carbon 1997, 35, 1739–1743. [CrossRef]
63. Mäkelä, M.; Volpe, M.; Volpe, R.; Fiori, L.; Dahl, O. Spatially resolved spectral determination of
polysaccharides in hydrothermally carbonized biomass. Green Chem. 2018, 20, 1114–1120. [CrossRef]
64. Marx, S.; Chiyanzu, I.; Piyo, N. Influence of reaction atmosphere and solvent on biochar yield and
characteristics. Bioresour. Technol. 2014, 164, 177–183. [CrossRef] [PubMed]
65. Titirici, M.-M. Hydrothermal carbons: Synthesis, characterization, and applications. In Novel Carbon
Adsorbents; Elsevier: New York, NY, USA, 2012; pp. 351–399.
66. Zhang, L.; Wang, Q.; Wang, B.; Yang, G.; Lucia, L.A.; Chen, J. Hydrothermal carbonization of corncob
residues for hydrochar production. Energy Fuels 2015, 29, 872–876. [CrossRef]
67. Maeda, R.N.; Serpa, V.I.; Rocha, V.A.L.; Mesquita, R.A.A.; Santa Anna, L.M.M.; De Castro, A.M.;
Driemeier, C.E.; Pereira, N.; Polikarpov, I. Enzymatic hydrolysis of pretreated sugar cane bagasse using
Penicillium funiculosum and Trichoderma harzianum cellulases. Process Biochem. 2011, 46, 1196–1201.
[CrossRef]
68. Liu, F.; Yu, R.; Guo, M. Hydrothermal carbonization of forestry residues: Influence of reaction temperature
on holocellulose-derived hydrochar properties. J. Mater. Sci. 2017, 52, 1736–1746. [CrossRef]
Materials 2019, 12, 403 19 of 19
69. Li, W.; Yang, K.; Peng, J.; Zhang, L.; Guo, S.; Xia, H. Effects of carbonization temperatures on characteristics
of porosity in coconut shell chars and activated carbons derived from carbonized coconut shell chars.
Ind. Crops Prod. 2008, 28, 190–198. [CrossRef]
70. Álvarez-Murillo, A.; Ledesma, B.; Román, S.; Sabio, E.; Gañán, J. Biomass pyrolysis toward
hydrocarbonization. Influence on subsequent steam gasification processes. J. Anal. Appl. Pyrolysis 2015, 113,
380–389. [CrossRef]
71. Islam, M.A.; Kabir, G.; Asif, M.; Hameed, B. Combustion kinetics of hydrochar produced from hydrothermal
carbonisation of Karanj (Pongamia pinnata) fruit hulls via thermogravimetric analysis. Bioresour. Technol. 2015,
194, 14–20. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
67 
 
Chapter 5 
 
Synthesis and characterization of polylactide/rice husk hydrochar composite 
 
This chapter reports about potential application of hydrochar produced from microwave 
hydrothermal carbonization of rice husk as a filler for polymer/hydrochar composites. The 
hydrochar was mixed with polylactide matrix as a filler at different loadings (5%, 10%, 15% 
and 20%) to fabricate polylactide/hydrochar composite. It was observed that addition of 
hydrochar into polylactide matrix improved the structural, thermal, mechanical and rheological 
properties. Further, the potential applications of the polylactide/hydrochar composites were 
suggested based on the observed properties of the composites. This chapter was published in 
Scientific Reports. 
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Polymer composites are fabricated by incorporating fillers into a polymer matrix. The intent for addition 
of fillers is to improve the physical, mechanical, chemical and rheological properties of the composite. 
this study reports on a unique polymer composite using hydrochar, synthesised by microwave-assisted 
hydrothermal carbonization of rice husk, as filler in polylactide matrix. The polylactide/hydrochar 
composites were fabricated by incorporating hydrochar in polylactide at 5%, 10%, 15% and 20 wt% 
by melt processing in a Haake rheomix at 170 °C. Both the neat polylactide and polylactide/hydrochar 
composite were characterized for mechanical, structural, thermal and rheological properties. the 
tensile modulus of polylactide/hydrochar composites was improved from 2.63 GPa (neat polylactide) 
to 3.16 GPa, 3.33 GPa, 3.54 GPa, and 4.24 GPa after blending with hydrochar at 5%, 10%, 15%, and 
20%, respectively. Further, the incorporation of hydrochar had little effect on storage modulus (G′) 
and loss modulus (G″). The findings of this study reported that addition of hydrochar improves some 
characteristics of polylactide composites suggesting the potential of hydrochar as filler for polymer/
hydrochar composites.
Concerns about a future scarcity of petroleum-based resources1,2 and environmental degradation caused by use of 
such sources3 have drawn attention towards substitution with bio-based materials in a variety of applications. The 
concept of blending (either by polymerization or physical4) of two materials is in practice since last two decades5. 
Driven by the development of polymer science and technologies6, renewable resources-based polymer composite 
materials are under consideration due to characteristics such as improved sustainability, carbon sequestration and 
energy efficiency of production, and light-weight7. The reinforcement of biomass-based materials using biochar 
or hydrochar as a filler for synthesis of biomass-based polymer composites is of great interest in polymer research 
recently. Research has been conducted for incorporation of biochar in different polymer matrices to improve 
their thermal, mechanical and electrical properties. Das et al.8 fabricated wood biochar polymer composites and 
investigated the effect of biochar loadings on the mechanical properties of the composites. It was concluded that 
the addition of 6 wt.% biochar did not improve the characteristics of the composite, although it was not deleteri-
ous either when compared to the properties of the control sample. Composites made by the addition of biochar 
at 12 wt.% and 18 wt.% were the most ductile and the most thermally stable respectively. The composite made 
with 24% biochar filler improved the mechanical properties i.e. moduli, flexural and tensile strengths. Although 
the scientific literature is replete with studies on utilizing biochar as filler in polymer matrices for synthesis of 
biochar/polymer composite, to date there is no any study reporting hydrochar as filler for polymer composites.
Hydrochar is a carbon-based material synthesized by hydrothermal carbonization of biomass or its derivatives 
at mild conditions9. Hydrothermal carbonization is a promising carbonization method as it is inexpensive, less 
energy intensive and, as it uses water as a reaction medium, wet biomass can be utilized in the process10. Further, 
chemical usage, pollution and the cost of the hydrothermal carbonization method is comparatively lower than 
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other traditional techniques9,11. Hydrochar produced by HTC contains 80–90% of the energy content of the orig-
inal feed and 55–90% mass of the original mass of biomass12. Research on hydrocar synthesis from hydrothermal 
carbonization is at an early stage and most studies have focused mainly on the effect of parameters used for the 
carbonization on the yield and the characteristics of hydrochar produced13. The applications of hydrochar include; 
as a carbon material’ an amendment of soil; a solid fuel, which is comparable to brown coal for production of 
energy; a substitute for activated carbon or carbon black; a carbon catalyst used for production of fine chemicals; 
a material to increase the efficiency of fuel cells, and; as an absorbent to increase fertility and productivity of 
soil14–22. More studies are focusing on its application as an adsorbent, but these incur several shortcomings. For 
example, low porosity and surface area of hydrochar causes low adsorption capacity due to inadequate binding 
sites for attaching to adsorbate23,24. The hydrochar also contains polar superficial functional groups which tend 
to lower the adsorption of non-polar organic matter. Furthermore, hydrochar has lower stability which suggests 
that hydrochar is not a long-term and recyclable adsorbent13. Therefore, this study proposes a novel application of 
hydrochar as filler in polymer composites.
Rice husk is considered as an agricultural residue coming from rice industry. The lignocellulosic composition 
of rice husk is dependent of various factors including agronomic handling, weather conditions and soil type25. The 
reported lignocellulosic composition of rice husk is cellulose 35%, hemicellulose 30%, lignin 18%, silica 13% and 
miscellaneous components upto 4%26. Around 140 million tonnes of rice husk are generated annually throughout 
the world, which is not properly utilized. This huge amount of rice husk is either discarded or burnt in open fields, 
which are environmentally hazardous strategies27. Production of hydrochar (having a number of applications) 
from rice husk is a way to suggest its effective utilization.
The main objective of this study was to utilize hydrochar produced from microwave hydrothermal carboni-
zation of rice husk as filler for the development of polylactide/hydrochar biocomposites. Polylactide/hydrochar 
composites were prepared using extrusion techniques at various loadings (5%, 10%, 15% and 20%) of hydrochar 
in polylactide. The neat polylactide and polylactide/hydrochar biocomposite were analysed for mechanical, ther-
mal, structural and rheological properties. The thermal properties were measured using thermogravimetric anal-
ysis (TGA) and modulated differential scanning calorimetry (MDSC), the mechanical properties were analysed 
through an Instron 4467 universal testing machine, the structural characterization were carried out using scan-
ning electron microscopy (SEM), Fourier transform infra-red (FTIR) spectroscopy, and x-ray diffraction (XRD) 
analysis and an advanced rheometric expansion system (ARES) was used for rheological testing of polylactide/
hydrochar composite.
Results and Discussion
seM analysis of polylactide/hydrochar bio-composites. The SEM images of the tensile fractured sur-
faces of neat polylactide and polylactide/hydrochar composites are presented in Fig. 1(a–e). It can be observed 
that the neat polylactide had a smooth surface whereas the polylactide/hydrochar composites showed fractured 
surfaces with irregular voids and cracks. The porous structure of char particles allows some of the polymer matrix 
to penetrate into the char pores28. The fracture of composites resulted due to load transfer from polylactide to 
char particles29. From images of polylactide/hydrochar composites, it is observed that the polymer flows through 
pores of the hydrochar (Fig. 1(d,e)) causing a network of mechanical bonding which results in improved mechan-
ical properties of the composite30,31. A high degree of mechanical interlocking/bonding suggests that the char 
particles are evenly distributed in the polymer matrix32. Das et al.33 also witnessed the mechanical interlocking 
between polypropylene and biochar. Further, the char particles were well-embedded in the polylactide causing 
an enhancement in the modulus of the composites. This is attributed to the small particle size of the char and the 
superior compatibility properties of the char with the polylactide.
XRD analysis of polylactide/hydrochar bio-composites. XRD analysis aids in the analysis of crys-
talline regions present in the sample. The XRD analysis patterns for neat polylactide and polylactide/hydrochar 
composites are presented in Fig. 2. Polylactide is a bio-based polymer; therefore it contains random arrangement 
of both the crystalline and amorphous phases34,35. Several peaks are observed at 2θ for neat polylactide which 
are attributed to the crystalline phase regions existing in polylactide36,37. The crystalline structure of the polylac-
tide/hydrochar composites is not altered even at higher hydrochar loadings suggesting that the hydrochar is not 
modifying the crystalline phases of polylactide and the crystallinity of the composite is mostly conferred by the 
parent polymer38. Further, the peak intensity was decreased by addition of hydrochar and the reduction in peak 
intensity was greater at higher loadings of hydrochar. This is attributed to the increase of proportion of hydrochar 
(an amorphous component) and decline of polylactide (a crystalline component) resulting in an increase in the 
degree of amorphousity in the polylactic polymer29,38. The crystallization component of polymer decreases when 
increasing the amount of char particle in the composite39.
FTIR analysis of polylactide/hydrochar bio-composites. The FTIR analysis of polylactide/hydrochar 
composites was carried out to investigate the chemical linkage of hydrochar to polylactide matrix through any 
copolymerization reaction. The FTIR spectra spectra in the range of 4000–550 cm−1 for both the neat polylactide 
and polylactide/hydrochar composites are shown in Fig. 3. It is evident from Fig. 3 that all the samples had similar 
spectra and there were neither new peaks formed nor peaks removed in the composites suggesting that chemical 
interaction did not occur31 and only physical mixing occurred. Further, it reveals that the hydrochar addition 
doesn’t have any particular effect on the molecular structure of the polylactide. Similar results for the FTIR spec-
tra for biochar/polypropylene composites are reported in the literature40.
The neat polylactide and polyactide/hydrochar biocomposites exhibited a peak at 1750 cm−1, which is attrib-
uted to ‒C=O of ester groups41. This peak corresponds to strong stretching vibration of ester carbonyl groups42 
and it is assigned to ‒C=O present in the amorphous phase of polylactide. Moreover, it is noted that the peak at 
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1750 cm−1 is broadening slightly at increasing hydrochar loading suggesting that complexation occurs between 
polylactide matrix and filler43. A peak was observed at 1452 cm−1 for neat polylactide and polylactide/hydrochar 
composites which represents a typical CH3 symmetrical bend44. The neat polylactide had peaks at 1037, 1085, 
1128 and 1182 cm−1 which are associated to C-C and C-O stretching. All polylactide/hydrochar blends has peaks 
at similar positions (with 3 cm−1). The peaks detected in the range of 1200-950 cm−1 are attributed to stretching 
of C-O-C, C-O, and C-OH functional groups45.
tGA analysis of polylactide/hydrochar bio-composites. Thermal degradation behaviour is consid-
ered as an important and easy tool to measure thermal stability of polymers and their composites during thermal 
processing46. Thermogravimetric analysis (TGA) is generally used to determine the thermal stability and deg-
radation temperature of composite materials47,48. TGA analysis curves of polylactide/hydrochar composites are 
represented in Fig. 4. It is evident from Fig. 4 that the neat polylactide has higher degradation temperature than 
Figure 1. SEM images of (a) neat polylactide (b) Polylactide/hydrochar-5%, (c) Polylactide/hydrochar-10%, (d) 
Polylactide/hydrochar-15%, and (e) Polylactide/hydrochar-20%.
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polylactide/hydrochar composites. Further, it is observed that the composites with higher hydrochar loadings 
have lower decomposition temperature. It was anticipated that the thermal degradation of composites would start 
at higher temperatures due to the higher thermal stability of hydrochar. However, this early degradation may be 
attributed to presence of greater amounts of polylactide in composite8. The maximum thermal degradation rate of 
neat polylactide was at about 390 °C, which decreased to lower temperatures at around 350 °C for all the biocom-
posite samples. Although degradation temperature of PLA/hydrochar composites was slightly lower than that of 
neat PLA, they will remain stable in the processing and application ranges of i.e. 30–240 °C of neat PLA without 
risking thermal degradation49,50. All the PLA/hydrochar composites possessed thermal degradation temperature 
in the range of 350–375 °C (Fig. 4b).
It can be seen from Fig. 4 that neat polylactide left the least residue yield whereas the composites yielded 
higher amounts of residue which may be attributed to the presence of thermally stable hydrochar in the com-
posite. Ikram et al.30, studied the thermal stability behaviour of neat polypropylene and polypropylene\biochar 
composites and found similar results - that the neat polypropylene left lower residue yield than polypropylene/
Figure 2. XRD patterns for neat polylactide and polylactide/hydrochar composites.
Figure 3. FTIR spectra showing the functional groups present on the surface of neat polylactide and 
polylactide/hydrochar composites at different loadings.
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biochar composites after completion of thermal treatment. Another study also reported that the weight percent-
age of residue increased by increasing the char content in the composites, indicating that the chars may exhibit a 
condensed phase flame retardant mechanism46. The residue produced after the temperature cycle is proportional 
to the amount of char loaded in the composite, thus the addition of biochar in composites is beneficial when the 
amount of residue is the main concern31.
MDSC analysis of polylactide/hydrochar bio-composites. MDSC analysis determines several char-
acteristics of polymers including cold crystallization temperature (Tc), enthalpy of crystallization (∆Hc), melting 
temperature (Tm), melting enthalpy (∆Hm), change of heat capacity (∆Cp), and percentage crystallinity (Xc)51. 
The results of MDSC analysis of neat polylactide and polylactide/hydrochar composites are listed in Table 1. It can 
be seen from Table 1 that the neat polylactide has a crystallization temperature at 93 °C, which slightly increased 
after addition of hydrochar due to the nucleation effect of hydrochar particles40. It is reported that these particles 
can act as nucleation sites causing crystal growth, which results in enhancement of the crystallization temper-
ature30,31. An increment in the number of particles of char supports earlier crystallization of the polymers31. 
Similar observations have been reported where addition of different types of biochars produced from various 
feedstocks caused a shift in crystallization temperature to higher values than that of the neat polymer matrix31. 
Crystallization enthalpy was decreased with increasing hydrochar content.
The melting temperature for neat polylactide and polylactide/hydrochar composites at different loadings 
(5%, 10%, 15%, and 20%) was found to be 168.01 °C, 167.02 °C, 166.25 °C, 166.13 °C and 166.70 °C, respectively 
Figure 4. (a) TGA analysis and (b) DTG analysis of neat polylactide and polylactide/hydrochar composites.
Sample Tc (°C) ∆Hc (Jg−1) Tm (°C) ∆Hm (Jg−1) ∆ Cp J/(g·°C) Xc(%)
Polylactide-Neat 93.1 7.0 168.01 41.60 0.3 37.2
Polylactide/hydrochar-5% 93.8 5.6 167.02 15.99 0.2 17.2
Polylactide/hydrochar-10% 94.4 4.9 166.25 12.78 0.1 16.4
Polylactide/hydrochar-15% 94.6 4.2 166.13 10.99 0.1 16.0
Polylactide/hydrochar-20% 94.9 3.8 166.70 10.44 0.1 16.3
Table 1. MDSC analysis of neat polylactide and polylactide/hydrochar composites.
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suggesting that the hydrochar incorporation in polylactide matrix had little effect on melting temperature. The 
results of the current study are in agreement to a previous study that biochar addition does not have signifi-
cant effect on melting temperature52. Melting enthalpy of neat polylactide was 41.60 J/g, which was significantly 
reduced to 15.99 J/g, 12.78 J/g, 10.99 J/g, and 10.44 J/g at 5%, 10%, 15% and 20% loadings of hydrochar, respec-
tively. The variation in melting enthalpy at different hydrochar loadings may be linked to a transformation of 
crystalline properties of the composite53.
The total crystallinity was significantly reduced by addition of the hydrochar in the polylactide matrix, further 
it was noted that at higher hydrochar loading lower total crystallinity was observed. The decreased total crystal-
linity of polylactide/hydrochar composites compared to neat polylactide is attributed to the agglomerating nature 
of hydrochar. The agglomerating nature of the char does not allow free movement of polymer chains, deterring 
polylactide segments to be packed orderly into an organized crystal form54.
Mechanical characteristics of polylactide/hydrochar bio-composites. Mechanical performance of 
the composites is dependent on several factors such as adhesion between filler and polymer matrix, aspect ratio of 
reinforcing filler particles, crystallinity of the matrix, and volume fraction and orientation of fibers (mostly ligno-
cellulosic and its derivatives)55. Figure 5(a–c) shows the mechanical properties of neat polylactide and polylac-
tide/hydrochar composites. It can be observed from Fig. 5(a) that the tensile strength decreases by incorporating 
hydrochar in the polylactide matrix. Decrement in tensile strength of polylactide/hydrochar composite may be 
attributed to poor interfacial bonding between polylactide and hydrochar. This also might be due to weak regions 
of polymer matrix-hydrochar filler, where loops of various chains are in close proximity but are not entangled 
with each other56. Such aggregates of chain ends may cause occurrence of micro-cracks at interfaces lowering the 
interaction between matrix and filler57. Further, a higher rate of decrease in tensile strength is noted at higher 
loadings of hydrochar. The tensile strength of neat polylactide was found to be 43.69 MPa, which decreased to 
41.12 MPa, 40.03 MPa, 38.98 MPa and 36.82 MPa at 5%, 10%, 15% and 20% loading of hydrochar respectively. 
Lower tensile strength at higher loadings of hydrochar is possibly due higher concentration of hydrochar resulting 
in the presence of higher amounts of hydrochar interfaces with the polymer matrix58. Relatively greater particle 
distribution of char and low adhesion within polymer matrix resulted in decreased tensile strength at higher 
Figure 5. Mechanical properties of neat polylactide and polylactide/hydrochar composites (a) tensile strength, 
(b) tensile modulus, and (c) elongation at break.
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loadings of char59. The tensile strength can be improved through compatibilization between polymer matrix and 
char particles44. A decline in tensile strength of polypropylene/biochar composite is reported in literature40.
The tensile modulus of polylactide/hydrochar composites exhibited an increasing trend with hydrochar load-
ings as shown in Fig. 5(b). It can be observed that neat polylactide has lower tensile modulus which increases 
gradually with an increasing content of hydrochar. According to Das et al.33 a higher modulus of biochar/polymer 
composite is endorsed by the high surface area of the biochar, which boosted stress transfer between biochar par-
ticles and polymer matrix consequently decreasing the deformability of the polymer and improving the modulus. 
A higher modulus also might be attributed to improved adhesion between the polymer matrix and filler result-
ing in less and smaller gaps between interfacial surfaces60. Nan et al.59, suggests that an improvement in tensile 
modulus of a composite is due to higher rigidity of the biochar filler. The gradual increase in tensile modulus of 
biochar/polypropylene biocomposite with increasing biochar content in the polymer matrix has been reported 
in literature40,61. The elongation at break is illustrated in Fig. 5(c), which reveals that the elongation at break for 
neat polylactide is higher than polylactide/hydrochar composites. Further, elongation at break decreases with 
increase in hydrochar loading which is due to aggregation of nonintercalated fillers in the composites enhancing 
embrittlement58. Thellen et al.62, reported that incorporation of filler into plastics will significantly decrease the 
elongation.
Rheological analysis of polylactide/hydrochar biocomposites. Rheological characteristics of the 
polymers and their composites tend to differentiate the degree of dispersion51. The rheological testing was car-
ried out based on dynamic frequency sweep tests at 170 °C and 0.05–100 rad/s. The storage modulus (G′), the 
loss modulus (G″), and the ratio of loss modulus (G″) to storage modulus (G′) i.e. (tan δ) were obtained from 
rheological measurements and shown in Fig. 6(a–c). Figure 6(a) represents the relationship between angular fre-
quency (ω) and storage moduli (G′) of neat polylactide and polylactide/hydrochar composites at 5%, 10%, 15% 
and 20% hydrochar loading. It is observed that the storage modulus (G′) of the polylactide/hydrochar composites 
is slightly higher than that of the neat polylactide which may be attributed to the formation of a filler-polymer 
network40. Further, it is noted that the storage modulus (G′) increases when increasing the hydrochar content 
in composites because the hydrochar clusters tend to reduce the mobility of polymer chains and thus increases 
Figure 6. Evolution of rheological characteristics of neat polylactide and polylactide/hydrochar composites at 
5%, 10%, 15% and 20% loading of hydrochar: (a) storage modulus (G′), (b) loss modulus (G″), and (c) Tan δ.
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resistance to flow63. The trend for G′ in the low frequency range shows that the storage modulus is higher for the 
composites than PLA, while in the high frequency range the difference in G′ is not significant. An increment in 
the storage modulus (G′) of composites is not significant, as expected, due to the impure nature of the hydrochar 
and the weak interaction between hydrochar and polymer. A weak adhesion or interaction between polymers 
and fillers have been observed in previous studies including biochar composites and highly engineered carbon 
composites40,64. Similar behaviour for loss modulus (G″) was also observed for all the composites with a higher 
loss modulus (G″) than that of the neat polymer as shown in Fig. 6(b). Tan δ is generally used to determine the 
viscoelasticity of the materials, which is more sensitive to relaxation changes than the storage modulus and loss 
modulus65. Figure 6(c) represents the frequency dependence of loss tangent (tan δ) by plotting the data of (tan 
δ) vs. frequency for neat polylactide and polylactide/hydrochar composites. It is noted that the (tan δ) of neat 
polylactide was higher at low frequency than that of the polylactide/hydrochar composites, whereas the (tan δ) 
of both the neat polylactide and polylactide/hydrochar composites was similar at higher frequencies. A decrease 
in tan δ at higher frequency is the typical characteristic of a viscoelastic liquid65. Further, the tan δ is decreasing at 
higher hydrochar loadings, which is attributed to a polymer-filler network63. Similar results for tan δ of biochar/
polypropylene composites have been reported in the literature40.
potential applications of char-added composites. A major challenge for any manufacturing industrial 
system is to decrease the production cost as well as to achieve sustainability and better properties of the product. 
The incorporation of renewable materials to produce advanced materials promotes environmental sustainability 
considering that the renewable material will not generate any further waste33. Therefore, utilization of chars as filler 
for synthesis of polymeric composites is an efficient way of waste utilization together with producing an innovative 
material66. The char, being obtained from waste residues, demonstrates an effective waste management strategy 
to reduce landfill pressure from dumping of wastes. In addition, the reinforcement of char in polymers improves 
mechanical, thermal, rheological, electrical and other properties of the composites, consequently allowing different 
applications for the char/polymer composites. Inclusion of char in a polymer matrix addresses waste utilization, 
reduces the use of synthetic materials, enhances the properties of the product and potentially reduces cost61.
Due to the adsorption characteristics, moisture control, and higher anti-microbial characteristics of the char, 
the char/polymer composite may have potential application in the food packaging industry29. As char can be used 
to control humidity, regulate moisture and absorb radiation from the environment - char based polymer compos-
ite may be used to line wine cellars66. The inherent thermal stability of chars supports the application of char based 
composites as flame retardant materials44,67. Therefore, char/polypropylene biocomposites can potentially be used 
in the interior of automobiles and aeroplanes providing fire-resistant and light-weight material properties31. The 
char/polymer biocomposites possessing acceptable stiffness and fire resistance properties have potential applica-
tions in aviation, packaging and playground structures33. Future research should focus on investigating various 
sources of chars and to alter various parameters of char including ash content, particle size, and surface chemistry 
in order to improve its characteristics and make a more competitive filler68. The processing conditions for produc-
tion of char also can affect the physico-chemical properties of the resulting materials69. Therefore, more research 
is needed to investigate that how these factors affect the properties of composites prepared with char particles.
Conclusion
This study addressed an issue of waste utilization by addition of hydrochar in polymer matrix for synthesis of 
polymer/hydrochar composites. The higher porosity of hydrochar supports infiltration of polymers into the pores 
of hydrochar resulting in some better properties. Thus the hydrochar was utilized in polylactide in this study. The 
polylactide/hydrochar composites were prepared through melting and mixing of neat polylactide and hydrochar 
using a Haake rheomix at 5%, 10%, 15% and 20% loading of hydrochar.
The findings of the study suggest that addition of hydrochar in polylactide improved the thermal, mechanical, 
and rheological properties. When tested by TGA, the residue yield of neat polylactide was higher than that of 
polylactide/hydrochar composites due to the presence of the thermally stable hydrochar in the composites. The 
tensile moduli of the polylactide/hydrochar composites were greater than that of the neat polylactide. The neat 
polyalctide had lower storage modulus and loss modulus as compared to the polylactide/hydrochar compos-
ites. Further, the SEM analysis showed that the polymer infiltrates through hydrochar pores causing mechanical 
bonding between polymer matrix and hydrochar which results in improved mechanical properties of the com-
posite such as higher tensile modulus at higher loadings of hydrochar. The hydrochar/polymer composites may 
have potential application in food packaging industry, aviation, packaging and playground structures, line wine 
cellars, and as flame retardant material in the interior of automobiles and aeroplanes providing fire-resistant and 
light-weight material properties.
Experimental
Materials. Polylactic acid (PLA- 4032D Nature-Works,) molecular weight Mw - 155,000 g/mol70, density- 
1.24 g/cm3) supplied from Sigma Aldrich was used in this study. The hydrochar used in this study was synthesized 
through microwave hydrothermal carbonization of rice husk and was characterized using techniques previously 
developed71. Rice husk used for hydrochar synthesis was received from Dowens Rice Hulls Pty. Ltd., Victoria, 
Australia. The rice husk was washed distilled water to remove dirt and impurities, dried in an oven at 105 °C for 
24 h and ground to 1–3 mm before using for the experiments. Both rice husk and synthesized hydrochar were 
characterized and reported in previous work71.
preparation of polylactide/hydrochar composites. The polylactide/hydrochar composites films were 
prepared by incorporating hydrochar in polylactide matrix at four different concentrations as shown in Table 2. 
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The percentage of hydrochar loading in polylactide was based on previous study, which suggested that less than 
5% and higher than 15% of char loadings do not show any significant effect on phyico-mechanical properties 
of biocomposites31. The hydrochar and polylactide were physically mixed through hopper of Haake Rheomix, 
which was used to melt-blend the samples at 170 °C and 40 rpm for 5 min. The samples were coded as polylactide/
hydrochar-5 wt%, polylactide/hydrochar-10 wt%, polylactide/hydrochar-15 wt%, and polylactide/hydrochar-20 
wt% in which the number denoted the concentration (wt%) of hydrochar in polylactide.
Characterisation of polylactide/hydrochar biocomposites. The morphology of fractured surfaces 
of neat PLA and polylactide/hydrochar biocomposite was studied by a Philips XL30 SEM. All the SEM images 
were acquired at accelerating voltage of 15 kv, at magnification of 2000×, at high vacuum mode. The samples were 
then sputter coated with layer of gold, about 20 nm in 60 sec to control charging. XRD patterns for polylactide/
hydrochar biocomposite were obtained by using a Bruker D4 Endeavor X-ray diffractometer in the angular range 
of 6–90° (2θ) at 40 kV voltages and 35 mA current. The functional groups on the surface of polylactide/hydrochar 
composites were determined through FTIR spectroscopic studies using a PerkinElmer FTIR spectrophotometer 
at 4000 to 450 cm−1wavelength, 32 scans per sample at a resolution of 4 cm−1. The thermal stability of polylactide/
hydrochar biocomposites was analysed using a STA 6000, (Perkin-Elmer). The samples were heated from 30 °C to 
600 °C at 10 °C min−1 heating rate. The samples were held for a minute at both the initial and final temperatures. 
The testing was repeated three times and sample weight percentage was plotted as a function of temperature.
A DSC-2920 Modulated DSC (TA Instruments) was used to study the thermal properties of the polylac-
tide/hydrochar biocomposites. Initially, the instrument was standardized with indium at 35 ml/min flow rate of 
nitrogen. An empty aluminium pan wrapped with lid was used as reference. Approximately 7–10 mg of poly-
lactide/hydrochar biocomposite samples were encapsulated in the aluminium pan. For first heating cycle, the 
samples were heated in the range of −20 °C to 220 °C at 20 °C/min heating rate and then cooled at 2.00 °C/min 
to −20.00 °C. This scan removed any earlier thermal history of the polylactide/hydrochar biocomposites. For 
the second heating cycle, the samples were heated from −20 °C to 220 °C at 2 °C/min heating rate and were 
modulated +/− 0.50 °C every 40 seconds. The lower heating rate for the second heating cycle was employed for 
accurate tracing of small transitions. The samples were left for five mins at both the initial and final temperatures 
in both cycles. The degree of crystallinity (Xc) of neat polylactide and polylactide/hydrochar biocomposites was 
calculated through Eq. (1):
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Where ∆Hm denotes the melting enthalpy, ∆Hc refers to the cold crystallisation enthalpy, ∆Hmc  is the enthalpy of 
pure polylactide (93 Jg−1)72,73 and WPLA is the weight fraction of the polylactide in polylactide/hydrochar 
biocomposites.
For mechanical testing, the samples were compression-moulded into dog-bone shaped ASTM D638 mechan-
ical testing specimens at 180 °C compression moulding temperature for 5 min while 80 kN of compression force 
was applied. Further, the moulding press was cooled down to 50 °C with the help of cooling water. The mechanical 
testing of the samples was conducted through an Instron 4467 universal testing machine according to ASTM 
D638M at 1 mm/min speed rate. Rheological studies of the polylactide/hydrochar bio-composites were studied 
by a strain-controlled ARES (TA instruments) rheometer. The bio-composites were tested through a force trans-
ducer with 0.2–200 g-cm torque range and 25 mm diameter parallel-plate fixture. Measurements were carried 
out at 170 °C temperature. Zero gap calibrations were checked at 170 °C before running each test. Linear viscoe-
lastic regions (LVR) of the composites were examined through strain sweep experiments at 1 rad/s frequency 
and 0.1–100% strain. Further, dynamic frequency sweep tests were conducted again on fresh samples in LVR at 
0.05–100 rad/s frequency range for understanding hydrochar loadings effect on storage (G′), loss modulus (G″) 
and complex viscosity (η*) of the polylactide/hydrochar biocomposites.
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Chapter 6 
 
Development of polylactide/rice straw hydrochar composites: synthesis and 
characterizations  
 
 
 This chapter reports the synthesis of polymer/hydrochar composite by blending polylactide 
matrix with hydrochar filler at different loadings. The hydrochar was produced by microwave 
hydrothermal carbonization of rice straw following the method reported in our previous work 
(Nizamuddin, Qureshi, et al. 2019). The neat polylactide and polylactide/rice straw hydrochar 
composites were characterized for chemical, thermal, structural, rheological and mechanical 
properties. This chapter is prepared to submit in a journal. 
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6.1 Introduction 
The industries are potentially utilizing renewable resources for synthesis of renewable 
resources-based materials due to high demand of consumers for energy efficient, light weight, 
sustainable and carbon sequestering materials (Stokke, Wu & Han 2013; Väisänen, Das & 
Tomppo 2017). Additionally, the concern about environmental issues, landfilling problems, 
proper waste utilization and the need of substitute of materials derived from non-renewable 
resources have caused for increasing interest in renewable resources-based materials known 
as green materials (Sain & Panthapulakkal 2004). Synthesis of advanced materials from 
biomass-based resources is as an alternative to non-renewable resources-based materials 
(Winandy et al. 2008). Renewable resources-based polymer composites are under 
consideration since last two decades and are fabricated by blending of biomass-based 
materials. 
Biomass-based polymer composites are synthesised by reinforcement of biomass or its 
derivatives into polymer matrix. Recent studies focused on synthesis of polymer/biochar 
composites and addition of biochar resulted in improvement of electrical, thermal and 
mechanical properties. The biochar produced from pyrolysis of pine wood was blended with 
polypropylene and it focused to find suitable loading of biochar for enhancing the mechanical 
properties of the composites (Das, O, Sarmah & Bhattacharyya 2015). It was found that 24% 
loading of biochar possessed higher mechanical properties such as tensile strength and tensile 
modulus. There are number of studies reported on incorporation of biochar in polymer matrix 
but there is only one study on blending of hydrochar with polymer matrix (Nizamuddin, 
Jadhav, et al. 2019). The study used hydrochar from microwave hydrothermal carbonization 
of rice husk as a filler to mix with polylactide at four different loadings to fabricate 
polylactide/rice husk hydrochar composite. Further, they studied the structural, mechanical, 
rheological and thermal properties of both neat polylactide and polylactide/hydrochar 
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composites. To further elaborate in this research area, the current study also aims to produce 
polymer/hydrochar composite and to assess their physico-chemical properties.  
Hydrochar is a solid material containing low fibrous structure and high carbon and energy 
density produced from different industrial and agricultural wastes. The rice straw, an 
agricultural waste, was selected for synthesis of hydrochar based on its supporting 
lignocellulosic composition. It was reported in literature that the biomass with greater lignin 
content will produce high yield of hydrochar because lignin has complex branching, hence it 
does not degrade easily, so remains as a solid (Peterson et al. 2008). Previous study 
investigated the effect of lignin content of biomass on yield distribution and it was found that 
the biomass with high lignin content produced high solid product and less liquid and gaseous 
products (Zhong & Wei 2004). Hydrochar has different applications such as a carbon 
material’ an amendment of soil; a solid fuel, which is comparable to brown coal for 
production of energy; filler for polymer matrix; a substitute for activated carbon or carbon 
black; a carbon catalyst used for production of fine chemicals; a material to increase the 
efficiency of fuel cells, and; as an absorbent to increase fertility and productivity of 
soil(Berge et al. 2013; Du et al. 2012; Funke & Ziegler 2010; Kang et al. 2012; Kleinert & 
Wittmann 2009; Libra et al. 2011; Nizamuddin et al. ; Nizamuddin, Jadhav, et al. 2019; 
Parshetti, Kent Hoekman & Balasubramanian 2013; Rillig et al. 2010). Among other, the 
current study utilizes the hydrochar as a filler for synthesis of polymer/hydrochar composite. 
The main objective of this study is to synthesize polylactide/rice straw hydrochar composite 
by blending hydrochar with polylactide at different loadings. Further, both the neat 
polylactide and polylactide/hydrochar composites were analysed for thermal, mechanical, 
rheological, and structural properties. The modulated differential scanning calorimetry 
(MDSC) and were used to analyse thermal properties. Instron 4467 universal testing machine 
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was used to assess mechanical properties. The structural properties were measured using x-
ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier transform infra-red 
(FTIR) spectroscopy. The rheological characterizations were done by using an advanced 
rheometric expansion system (ARES).  
6.2 Materials and method 
6.2.1 Materials 
Polylactic acid (PLA- 4032D Nature-Works,) molecular weight Mw - 155,000 g/mol 
(Sungsanit et al. 2010), density- 1.24 g/cm3) used in this study was supplied from Sigma 
Aldrich. The hydrochar used in this study was produced from microwave hydrothermal 
carbonization of rice straw based on the method reported in (Nizamuddin, Qureshi, et al. 
2019). Rice straw used to produce hydrochar was supplied by Dowens Rice Hulls Pty. Ltd., 
Victoria, Australia. Initially, rice straw was washed with distilled water for removing 
impurities and dirt, then it was kept in an oven at 105 °C for 24 h and finally was ground to 
1-3 mm to use in experiments. Both rice straw and synthesized hydrochar were characterized 
and reported in previous (Nizamuddin, Qureshi, et al. 2019). 
6.2.2 Synthesis of polylactide/rice straw hydrochar composites 
The polylactide/rice straw hydrochar composite films were produced by mixing hydrochar 
with polylactide matrix at four different concentrations as shown in Table 6.1. The selection 
of hydrochar loading amount to mix with polylactide was based on previous study, which 
proposed that char loading lower than 5% or greater than 15% does not have substantial 
effect on phyico-mechanical characteristics of composites (Das, O, Bhattacharyya, et al. 
2016). The polylactide and rice straw hydrochar were melt-blended at 170 oC and 40 rpm for 
5 min through hopper of Haake Rheomix. The samples were coded as polylactide/hydrochar-
5 wt%, polylactide/hydrochar-10 wt%, polylactide/hydrochar-15 wt%, and 
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polylactide/hydrochar-20 wt% in which the number denoted the concentration (wt %) of 
hydrochar in polylactide as reported in our earlier work (Nizamuddin, Jadhav, et al. 2019).  
Table 6.1. Sample Compositions used for synthesis of polylactide/hydrochar composites. 
Sample name Hydrochar 
(wt.%) 
Polylactide (wt.%) 
Neat Polylactide 0 100 
Polylactide/hydrochar-5% 5 95 
Polylactide/hydrochar-10% 10 90 
Polylactide/hydrochar-15% 15 85 
Polylactide/hydrochar-20% 20 80 
6.2.3 Characterization of neat polylactide and polylactide/hydrochar composites 
The Philips XL30 SEM was used to assess morphology of the fractured surfaces of neat 
polylactide and polylactide/hydrochar composites. SEM images were taken at 15kv, 2000× 
magnification and at high vacuum mode. The samples were sputter coated with gold layer, 
about 20 nm in 60 sec to control charging. XRD patterns were acquired through Bruker D4 
Endeavor X-ray diffractometer in 6–90º (2θ) angular range at 40 kV and 35 mA. The 
PerkinElmer FTIR spectrophotometer at 4000-450 cm-1wavelength, 32 scans per sample at a 
resolution of 4 cm-1 was used to determine the functional groups on the surface of samples. 
The STA 6000, (Perkin-Elmer) was used to assess the thermal stability of samples. Initially, 
samples were heated from 30°C to 600°C at heating rate of 10°C min-1. The samples were 
held for a minute at both the initial and final temperatures. The sample weight percentage was 
plotted as a function of temperature. 
A DSC-2920 Modulated DSC (TA Instruments) was used for analysing thermal properties of 
samples. Initially, the instrument was standardized with indium with nitrogen flow rate of 
35ml/min. An empty aluminium pan covered with lid was taken as reference. Approximately 
7-10 mg of sample were encapsulated in pan. For first heating cycle, the samples were heated 
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from -20°C to 220°C at heating rate of 20°C/min and then cooled to -20.00°C at heating rate 
of 2.00°C/min. This scan helped to remove any earlier thermal history of samples. For second 
heating cycle, sample was heated from -20°C to 220°C at heating rate 2°C/min and then were 
modulated +/- 0.50°C every 40 seconds. The lower heating rate of second heating cycle 
provides accurate tracing of small transitions. The samples were left for five mins at both 
initial and final temperatures in both cycles. The degree of crystallinity (Xc) was calculated 
through Eq. (1): 
𝑋𝑐 = 100 × [
∆𝐻𝑚 − ∆𝐻𝑐
∆𝐻𝑚
𝑐 ] ×  
1
𝑊𝑃𝐿𝐴
                                                                                          (1) 
Where ∆Hm is melting enthalpy, ∆Hc is cold crystallisation enthalpy, ∆Hm
c  is the enthalpy of 
pure polylactide (93 Jg-1) (Mathew, Oksman & Sain 2006; Turner et al. 2004) and WPLA is 
the weight fraction of the polylactide in polylactide/hydrochar composites. 
For mechanical testing, samples were compression-moulded into dog-bone shape ASTM 
D638 mechanical testing specimens at 180oC for 5 min while applying 80 kN compression 
force. An Instron 4467 universal testing machine was used to test the samples according to 
ASTM D638M at 1 mm/min speed rate. A strain-controlled ARES (TA instruments) 
rheometer was used to analyse rheological characteristics of samples. The samples were 
tested through a force transducer with 0.2–200 g-cm torque range and 25 mm diameter 
parallel-plate fixture at 170°C temperature. Before running the test, zero gap calibration was 
checked at 170°C. Linear viscoelastic regions (LVR) were examined through strain sweep 
experiments at 0.1-100% strain and 1 rad/s frequency. Further, dynamic frequency sweep 
tests were conducted again on fresh samples in LVR at 0.05-100 rad/s frequency range to 
understand effect of hydrochar loading on storage (Gˈ), loss modulus (G") and complex 
viscosity (η*) of samples. 
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6.3 Results and discussion 
6.3.1 Rheological characterization of polylactide/rice straw hydrochar composites 
Rheological properties of the samples are important characteristics which differentiate 
between the degree of dispersion of samples (Takkalkar et al. 2018). The rheological testing 
was carried out based on dynamic frequency sweep test at 170 oC and 0.05-100 rad/s. The 
storage modulus (G'), the loss modulus (G''), and the (tan δ) which is ratio of loss modulus 
(G'') to storage modulus (G') were obtained from rheological measurements and shown in 
Figure 6.1 (a-c). 
A relationship of storage modulus (G') and angular frequency (ω) of all samples is 
represented in Figure 6.1 (a) It is noticed that storage modulus of neat polylactide is lower 
than polylactide/hydrochar composites which confirms the development of network between 
hydrochar filler and polylactide matrix (Poulose et al. 2018). It was also found that the 
storage modulus was direct proportional to hydrochar loading i.e. as higher the loadings of 
hydrochar greater will be the storage modulus. This behaviour is due to a reason that 
hydrochar clusters decrease the mobility of polylactide chains, which causes high resistance 
of flow, resulting in increased tensile modulus (Ren et al. 2014). Although, the storage 
modulus of composites is greater than neat polylactide throughout the frequency range, but 
the difference in storage modulus between neat polylactide and polylactide/hydrochar 
composites is not significant. This behaviour of storage modulus may be related to impure 
nature of hydrochar and weak interaction between polylactide matrix and hydrochar filler 
(Nizamuddin, Jadhav, et al. 2019). Similar kind of observation i.e. weak interaction between 
polymer and filler has been reported in the literature for composites of biochar with polymers 
and  engineered carbon and polymer composites (Lee et al. 2007; Poulose et al. 2018). 
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Figure 6.1 (b) represents the loss modulus (G'') against angular frequency (ω) for neat 
polylactide and polylactide/hydrochar composites at 5%, 105, 15%, and 20% loadings of 
hydrochar in polylactide matrix. The trend of loss modulus is quite like the trend of storage 
modulus for all the samples i.e. the loss modulus of neat polylactide was lower than that of 
polylactide/hydrochar composites. Also, it was observed that loss modulus of composites at 
lesser hydrochar loadings was lower than those prepared at higher hydrochar loadings. Tan δ 
tends to analyse viscoelastic characteristics of materials and it is reported that Tan δ is more 
sensitive to the relaxation changes than loss modulus and storage modulus (Xu et al. 2010). 
Figure 6.1 (c) shows the plot of tan δ against angular frequency (ω) for neat polylactide and 
polylactide/hydrochar composites at different loadings. The results of tan δ are opposite to 
those of storage modulus and loss modulus as shown in Figure 6.1 (c). It can be evidenced 
that tan δ of neat polylactide was greater than that of all composite samples at lower 
frequency range. On the other hand, the tan δ of all the samples including neat polylactide 
and polylactide/hydrochar composites was similar at higher frequency values, which is 
typical property of viscoelastic liquids (Xu et al. 2010). A decreased trend of tan δ against 
frequency by increasing the hydrochar loadings is credited to network between filler and 
polymer (Ren et al. 2014). Similar kind of results for tangent loss of different composites 
including polylactide/rice husk hydrochar composites (Nizamuddin, Jadhav, et al. 2019) and 
polypropylene/biochar composites (Poulose et al. 2018) are reported in literature. 
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Figure 6.1. Rheological properties of neat polylactide and polylactide/hydrochar composites 
at hydrochar loadings of 5%, 10%, 15% and 20%: (a) storage modulus (G′), (b) loss modulus 
(G″), and (c) Tan δ. 
6.3.2 FTIR analysis of polylactide/rice straw hydrochar composites 
Figure 6.2 represents the FTIR spectra of neat polylactide and polylactide/hydrochar 
composites, which was conducted at 4000-550 cm-1 to examine and find the chemical 
bonding of hydrochars to polymer matrix through copolymerization reactions. Both the neat 
polylactide and polylactide hydrochar composites possessed similar spectra suggesting that 
neither any peak was removed, nor any new peak was formed. This suggests that the physical 
mixing occurred whereas chemical mixing of filler (Nizamuddin, Jadhav, et al. 2019) and 
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polymer matrix did not take place (Das, O, Bhattacharyya, et al. 2016). Hence, hydrochar 
addition did not alter molecular structure of polylactide matrix. Similar kind of spectra was 
observed polypropylene/biochar composites and polylactide/hydrochar composites 
(Nizamuddin, Jadhav, et al. 2019; Poulose et al. 2018). 
There were few peaks observed in the range of 950-1200 cm-1, which are considered to be the 
functional groups of stretching of -COH, -COC, and -CO (Nizamuddin, Jaya Kumar, et al. 
2015). A peak around 1455 cm-1 was noticed for both the neat polylactide and 
polylactide/hydrochar blends which is related to symmetrical CH3 bend (Das, O, Sarmah & 
Bhattacharyya 2016). The neat polymer has few peaks at 1029 cm-1, 1091 cm-1, 1137 cm-1, 
and 1182 cm-1, which are known as stretching peaks for -CO and C-C. Whereas all the blends 
of polylactide/hydrochar possessed similar kind of peaks. The peak around 1700-1800 cm-1 
for neat polylactide was narrower, which is slightly broadening by increasing the hydrochar 
loadings in polylactide, confirming that the complexation appeared between hydrochar and 
polylactide matrix (Lin et al. 2009a). Further, this peak is ascribed to =OC of esters, existing 
amorphous phase of polylactide matrix and it corresponds strong stretching vibration of ester 
carbonyl groups (García et al. 2012; Lin et al. 2011; Nizamuddin, Jadhav, et al. 2019). 
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Figure 6.2. FTIR spectra showing the functional groups present on the surface of neat 
polylactide and polylactide/hydrochar composites at different loadings. 
6.3.3 SEM analysis of polylactide/rice straw hydrochar composites 
SEM is one of the potential techniques used to analyse the morphological changes taking 
place in the biomass, its derivatives, and samples produced from biomass after various 
treatments and processes (Nizamuddin, Jayakumar, et al. 2015). The tensile-test fractured 
samples of neat polylactide and polylactide composites at 5%, 10%, 15% and 20% loadings 
of hydrochar were analysed for morphology of surfaces through SEM analysis. The SEM 
images of all the samples are shown in Figure 6.3. Figure 6.3 (a) shows the SEM image of 
neat polylactide which suggests that surface of sample was smooth. Similar observation for 
SEM image of neat polylactide is reported in the literature (Nizamuddin, Jadhav, et al. 2019; 
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Takkalkar et al. 2018). On the other hand, the composites exhibited cracks and irregular voids 
on the surface of samples, which is attributed to porous structure of hydrochar which allowed 
polylactide to penetrate into the pores of hydrochars (DeVallance, Oporto & Quigley 2016). 
The fracture and cracks on the surface of composites are ascribed to the load transfer from 
polymer matrix to hydrochar particles (Ho et al. 2015). 
It is evident from the SEM images of the polylactide/hydrochar composites that polylactide 
was penetrated through the hydrochar pores forming mechanical bonding network, which 
improves the mechanical properties of the polymer/hydrochar composites (Das, O, 
Bhattacharyya, et al. 2016; Ikram, Das & Bhattacharyya 2016). This suggests that high 
degree of mechanical bonding/interlocking occurred confirming an evenly distribution of 
hydrochar particles within the polylactide matrix (Zhang et al. 2018). The mechanical 
bonding between biochar filler and polypropylene matrix was observed and reported in the 
literature (Das, O et al. 2017). It was also noted from the SEM images of 
polylactide/hydrochar composites that hydrochar particles were well-embedded with polymer 
matrix due to smaller char particle size and significant compatibility characteristics of 
hydrochar with polylactide matrix, resulting in an improved tensile modulus of the 
composites (Nizamuddin, Jadhav, et al. 2019). 
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Figure 6.3. SEM images of (a) neat polylactide (b) Polylactide/hydrochar-5%, (c) 
Polylactide/hydrochar-10%, (d) Polylactide/hydrochar-15%, and (e) Polylactide/hydrochar-
20%. 
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6.3.4 XRD analysis of polylactide/rice straw hydrochar composites 
XRD analysis helps to determine the crystalline regions of the samples. Therefore, the XRD 
analysis was conducted for neat polylactide and polylactide/hydrochar composites as shown 
in Figure 6.4. It is reported in literature that polylactide is a bio-based polymer matrix, hence 
it has both phases of amorphous and crystalline state in random arrangements (Lin et al. 
2009b; Mukherjee et al. 2013). Few peaks at 2θ were detected for neat polylactide, which 
represent crystalline regions of neat polylactide (Chen, X, Kalish & Hsu 2011; Furuhashi & 
Yoshie 2012). It can be noticed from Figure 6.4 that all the samples of polylactide/hydrochar 
composites have similar structure which confirm that the crystalline structure of polylactide 
matrix was retained in the composites. This suggests that the crystalline structure of polymer 
matrix was not alter by addition of hydrochar (even at higher hydrochar loadings) and the 
crystallinity of composites was conferred from parent polymer i.e. polylactide (Das, O, 
Sarmah, et al. 2016). It was also found that the peak intensity of polylactide/hydrochar 
composites was lower than neat polylactide and it was observed that drop of peak intensity 
was higher at higher hydrochar loadings, which is due to increased amount of hydrochar 
(Chew, Ng & How 2013; Das, O, Sarmah, et al. 2016; Ho et al. 2015).  
 
Figure 6.4. XRD patterns for neat polylactide and polylactide/hydrochar composites. 
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6.3.5 Mechanical characterization of polylactide/rice straw hydrochar composites 
It is reported that mechanical properties of composites depend upon various parameters 
including adhesion between polymer matrix and filler, matrix crystallinity, orientation and 
volume fraction of fibers, and aspect ratio of filler particles (Masirek et al. 2007). The 
mechanical properties including tensile strength, tensile modulus and elongation at break of 
the neat polylactide and polylactide/hydrochar composites are shown in Figure 6.5.  
Figure 6.5 (a) represents the tensile strength of neat polylactide and polylactide/hydrochar 
composites and it can be observed that the neat polylactide has tensile strength greater than 
polylactide/hydrochar15% and polylactide/hydrochar20%, whereas lower than 
polylactide/hydrochar5% and polylactide/hydrochar10%. Furthermore, it can be evidenced 
that the composites with lower hydrochar loadings had higher tensile strength, whereas the 
tensile strength value is decreasing as the hydrochar yield increases. A decrease in tensile 
strength at increasing hydrochar loadings may be due to poor interfacial linkage between 
hydrochar and polylactide (Nizamuddin, Jadhav, et al. 2019). This behaviour also may be 
attributed to the weak regions between filler and polymer matrix, where different chain loops 
were not entangled with each other (Landel & Nielsen 1993). These kinds of chains tend to 
occur micro-cracks on interfaces causing decreased interaction between filler and polymer 
matrix (Karabulut 2003). The literature suggested that low tensile strength at high loading of 
hydrochar is due to a reason that large amount of hydrochar interfaces with polymer matrix, 
which results in lower adhesion in polymer and higher distribution f char particles causing a 
decline in tensile strength (Nan et al. 2016). A decrement in tensile strength of 
polylactide/hydrochar composites and biochar/polypropylene composites has been reported in 
the literature (Nizamuddin, Jadhav, et al. 2019; Poulose et al. 2018). 
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Figure 6.5 (b) shows the tensile modulus of both the neat polylactide and 
polylactide/hydrochar composites. The results suggest that tensile modulus of the neat 
polylactide is 2.627 GPa, which increased to 4.376 GPa, 4.895 GPa, 5.217 GPa, and 6.182 
GPa for polylactide/hydrochar5%, polylactide/hydrochar10%, polylactide/hydrochar15% and 
polylactide/hydrochar20%, respectively. An increase in tensile modulus by increasing the 
hydrochar loadings is attributed to the higher surface area of hydrochar (Nizamuddin, Jadhav, 
et al. 2019). It is reported that higher surface area of filler materials tends to boost up the 
stress transfer between polymer matrix and filler particles, which results in a decreased 
deformability of polymer matrix and an increased tensile modulus (Das, O et al. 2017). 
According to Qian et al. (2015), an increase in tensile modulus may be due to enhanced 
adhesion between filler and polymer resulting in smaller and lesser gaps between interfacial 
surfaces. Nan et al. (2016) reported that the rigidity of char filler results in improvement of 
tensile modulus of char/polymer composites. An increment in tensile modulus at increasing 
char filler is reported for polylactide/hydrochar composites and polypropylene/biochar 
composites (Das, O, Bhattacharyya & Sarmah 2016; Nizamuddin, Jadhav, et al. 2019; 
Poulose et al. 2018). 
Figure 6.5 (c) represents the elongation at break for neat polylactide and 
polylactide/hydrochar composites at 5%, 10%, 15% and 20% loadings of hydrochar. It can be 
noticed that the elongation at break of neat polylactide was greater than all the samples. The 
elongation at break of neat polylactide was 3.32 mm, which decreased to 2.21 mm, 2.12 mm, 
2.08 mm, and 1.79 mm for polylactide/hydrochar5%, polylactide/hydrochar10%, 
polylactide/hydrochar15% and polylactide/hydrochar20%, respectively. Further, it is also 
observed that the elongation at break decreases as the amount of hydrochar loading increases 
in the composites. This behaviour may be attributed to the aggregation of non-intercalated 
fillers in composites which results in an increased embrittlement (Narimissa et al. 2012). It is 
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reported that filler incorporating in polymer matrix causes a significant drop in elongation at 
break (Thellen et al. 2005). Similar results for elongation at break have been reported in the 
literature (Nizamuddin, Jadhav, et al. 2019). 
     
 
Figure 6.5. Mechanical properties of neat polylactide and polylactide/hydrochar composites 
(a) tensile strength, (b) tensile modulus, and (c) elongation at break. 
6.3.6 MDSC analysis of polylactide/rice straw hydrochar composites 
The MDSC analysis of neat polylactide and polylactide/hydrochar composites was carried 
out and the results are listed in Table 6.2. It is evident that crystallization temperature was 
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slightly increased with addition of hydrochar at different loadings due to nucleation of 
hydrochar particles (Poulose et al. 2018). It was reported in literature that the char particles 
act as nucleation sites causing crystal growth and this crystal growth enhances the 
crystallization temperature (Das, O, Bhattacharyya, et al. 2016; Ikram, Das & Bhattacharyya 
2016). Similar results were reported in the literature suggesting an increment in 
crystallization temperature at higher biochar loadings (Das, O, Bhattacharyya, et al. 2016). 
The melting temperature was slightly decreased by addition of hydrochar in polylactide 
suggesting no significant effect of hydrochar addition on melting temperature of polymer 
matrix. These observations are similar to previous studies which reported that addition of rice 
husk hydrochar in polylactide matrix and addition of biochar in polypropylene matrix did not 
affect melting temperature significantly (Doh et al. 2005; Nizamuddin, Jadhav, et al. 2019). 
It was observed that the melting enthalpy was significantly decreased by addition of 
hydrochar in polymer matrix to form polymer/hydrochar composites due to transformation of 
crystalline characteristics of composites (Hu et al. 2015). The melting enthalpy value of 
polylactide was 41.60 J/g which decreased to 18.56 J/g, 15.12 J/g, 14.23 J/g, and 13.89 J/g for 
polylactide/hydrochar5%, polylactide/hydrochar10%, polylactide/hydrochar15%, and 
polylactide/hydrochar20%, respectively. The total crystallinity of neat polylactide was 
37.2%, which dropped significantly by addition of hydrochar to 19.1%, 18.7%, 17.3% and 
16.5% for polylactide/hydrochar5%, polylactide/hydrochar10%, polylactide/hydrochar15%, 
and polylactide/hydrochar20%, respectively. This may be due to agglomerating nature of 
hydrochar (Nizamuddin, Jadhav, et al. 2019). The agglomerating characteristics of hydrochar 
hinders free movement of polymer chains leading polymer segments to be packed in order in 
an organized crystal form, ultimately decreasing total crystallinity (Chen, J, Li & Wu 2007). 
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Table 6.2. MDSC analysis of neat polylactide and polylactide/hydrochar composites. 
Sample  Tc 
(°C) 
∆Hc 
(Jg-1) 
Tm 
(°C) 
∆Hm  
(Jg-1) 
∆ Cp 
J/(g·°C) 
Xc(%) 
Polylactide-Neat 93.1 7.0 168.01 41.60 0.3 37.2 
Polylactide/hydrochar-5% 93.6 5.3 166.63 18.56 0.2 19.1 
Polylactide/hydrochar-10% 94.7 5.0 165.95 15.12 0.1 18.7 
Polylactide/hydrochar-15% 94.9 4.4 165.31 14.23 0.1 17.3 
Polylactide/hydrochar-20% 94.9 3.6 165.0 13.89 0.1 16.5 
6.3.7 TGA/DTG analysis of polylactide/rice straw hydrochar composites 
Thermal degradation behaviour is considered as an important and easy tool to measure 
thermal stability of polymers and their composites during thermal processing (Ahmetli et al. 
2013). Thermogravimetric analysis (TGA) is generally used to determine the thermal stability 
and degradation temperature of composite materials (Liu et al. 2013; Zakikhani et al. 2014). 
The TGA/DTG graphs of both neat polylactide and polylactide/hydrochar composites are 
shown in Figure 6.4. The degradation temperature of neat polylactide was slightly greater 
than polylactide/hydrochar composites, which is attributed to higher amount of polylactide 
present in the composites (Das, O, Sarmah & Bhattacharyya 2015). Although, thermal 
degradation temperature of composites was slightly less than that of polylactide i.e. 335-360 
oC as shown in Figure 6.5 (b), but still the composites will be stable upto the processing and 
application range of polylactide (30-240 oC) without risking thermal degradation (Arrieta et 
al. 2014; Das, K et al. 2010). Further, it was also observed that the char yield was higher in 
polylactide/hydrochar composites than neat polylactide which is due to presence of hydrochar 
in the composites. Higher residue formation of char/polymer composites than their parent 
polymer matrix is reported in the literature (Ahmetli et al. 2013; Das, O, Bhattacharyya, et al. 
2016; Ikram, Das & Bhattacharyya 2016; Nizamuddin, Jadhav, et al. 2019). 
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Figure 6.6. (a) TGA analysis and (b) DTG analysis of neat polylactide and 
polylactide/hydrochar composites. 
6.4 Conclusion 
The application of hydrochar, produced from microwave hydrothermal carbonization of rice 
straw, as a filler for polymer composites was assessed in this study. It was observed that the 
chemical, structural, thermal, rheological and mechanical characteristics of the polylactide 
matrix were improved by addition of hydrochar. The thermal stability of 
polylactide/hydrochar composites was in the range of application and processing of neat 
polylactide. The loss modulus of polylactide/hydrochar composites was greater than neat 
polylactide suggesting that addition of hydrochar improved mechanical properties of 
polylactide. This was also confirmed from SEM analysis that the polylactide flew through 
pores of hydrochar, causing a strong mechanical bonding between hydrochar and polylactide.  
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Chapter 7 
Conclusions and recommendations 
 
7.1. Conclusions based on literature review (Chapter 2) 
Hydrothermal carbonization is a cost effective, energy efficient and environmentally friendly 
process which produces higher hydrochar yield from different biomass feedstocks. Unlike 
pyrolysis process, it can handle both dry and wet biomass, hence it saves the cost, energy, and 
time required to dry the feedstock for pyrolysis process. Further, hydrothermal carbonization 
can be carried out by using both microwave and conventional heating systems, but the 
microwave hydrothermal carbonization is preferred over conventional hydrothermal 
carbonization. The literature suggests that the microwave heating is faster, innovative, energy 
efficient and time-saving than conventional heating systems. Therefore, this study focused on 
microwave hydrothermal carbonization of rice husk and rice straw. 
There are various factors which affect the quantity and quality of solid product produced from 
microwave pyrolysis and microwave hydrothermal carbonization of biomass. These 
parameters are reaction temperature, microwave power, solid to liquid ratio, residence time, 
heating rate and source of heating, type and concentration of catalyst/additives, rate of feed 
injection, type and lignocellulosic composition of feed material, microwave absorber, particle 
size, and purging of flow gas. This study has investigated the effect of reaction temperature, 
reaction time, biomass to water ratio and particle size on the quality and quantity of hydrochar 
during microwave-assisted hydrothermal carbonization. 
7.2. Conclusions based on Chapter 3 
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It was concluded that the process parameters of microwave hydrothermal carbonization play a 
vital role on hydrochar yield. The effect of four parameters including reaction temperature 
(160-220 oC), reaction time (5-30 min), biomass to water ratio (1:10-1:40 w/v), and particle 
size (0.5-3 mm) was investigated on hydrochar yield. It was observed that high particle size, 
low temperature, low time and low biomass to water ratio produce higher hydrochar yield. 
Further, it was also observed that the reaction temperature and reaction time have significant 
effect on yield and characteristics of hydrochar.  
The higher heating value, fixed carbon and carbon contents of hydrochar were greater than rice 
husk whereas the oxygen and moisture contents were lower than rice husk. Also, the surface 
characteristics and thermal properties of hydrochar were greater than rice husk. Hence, it was 
concluded that the microwave hydrothermal carbonization has converted rice husk into a high 
energy, more thermally stable and more porous material. Based on the findings of this study, it 
can be recommended that the hydrochar could be potential candidate for adsorption, energy, 
agricultural and carbon sequestration applications. 
7.3. Conclusions based on Chapter 4 
This study focused on optimization of process parameters of microwave hydrothermal 
carbonization to produce maximum hydrochar yield from rice straw. It was observed that the 
optimum yield of 57.9% was achieved at 180 oC, 20 mi, 1:15 w/v, and 3 mm. This agrees with 
our previous work which suggested that low temperature, low time, low biomass to water ratio 
and high particle size will produce high yield of hydrochar. 
It was observed that microwave hydrothermal carbonization caused an improvement in energy, 
chemical, thermal and structural properties. The heating value, ultimate analysis and proximate 
analysis values were similar to various coal types, confirming the possible application of 
hydrochar as a solid fuel. It was also noted that the thermal stability and crystallinity were 
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improved after microwave hydrothermal carbonization and the microwave hydrothermal 
carbonization eroded the structure of rice straw causing enlargement of pores on hydrochar 
surface. 
7.4. Conclusions based on Chapter 5 
Incorporation of fillers in polymer matrix tends to improve chemical, structural, thermal, 
rheological, mechanical, and physical properties of composites. This study utilizes hydrochar, 
produced from microwave hydrothermal carbonization of rice husk, as a filler to melt blend 
with polylactide matrix to fabricate polylactide/hydrochar composites for the first time. The 
composites were formed by incorporating hydrochar in polylactide matrix at four different 
loadings i.e. 5%, 10%, 15%, and 20%.  
The results suggest that hydrochar addition in polylactide improved few properties of 
polylactide, which confirms the potential application of hydrochar as a filler for synthesis of 
polymer/hydrochar composites. Addition of hydrochar in polylactide matrix improved 
mechanical, thermal and rheological properties of the composites. Based on the results and key 
observations and findings of this study, it can be suggested that potential applications of 
polylactide/hydrochar composites can be in various industries including aviation, food 
packaging industry, line wine cellars, flame retardant material in interior of aeroplanes and 
automobiles, and food packaging industry. 
7.5. Conclusions based on Chapter 6 
Hydrochar synthesized by hydrothermal carbonization of rice straw was potentially mixed with 
polylactide as a filer for fabrication of polylactide/hydrochar composite using HAAKE 
rheomix. The neat polylactide and polylactide/hydrochar composites were characterized for 
mechanical, structural, thermal, and rheological properties. It was observed that addition of 
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hydrochar caused an improvement of various properties including tensile modulus and tensile 
modulus. The infiltration of polymers through pores of hydrochar was clearly observed from 
SEM analysis which causes mechanical bonding between hydrochar and polymer, resulting in 
improved mechanical properties of composites.  
7.6. Future recommendations 
Some recommendations for future work on this research area are made based on findings and 
results of current study, which are summarized below. 
➢ There are several biomass feedstocks available, which can potentially be transformed 
into hydrochar by using microwave hydrothermal carbonization process. These 
biomasses include agricultural waste such as sugarcane bagasse, oil palm shell, banana 
waste, wheat straw, corn stover etc. This will not only help in minimizing the waste but 
also will generate solid fuel and other important chemicals.  
➢ The current study studied and optimized the effect four process parameters including 
reaction temperature, reaction time, biomass to water ratio, and particle size on 
hydrochar yield. The effect of other parameters of microwave hydrothermal 
carbonization (such as heating rate and source of heating, type and concentration of 
catalyst/additives, rate of feed injection, type and lignocellulosic composition of feed 
material and microwave absorber) can be studied to enhance the quality and quantity 
of hydrochar through microwave hydrothermal carbonization. 
➢ The future studies should focus on scale up and commercialization of microwave 
hydrothermal carbonization process. 
➢ This study reported two potential applications of hydrochars produced from microwave 
hydrothermal carbonization of rice husk and rice straw as a solid fuel and a filler for 
polymer/hydrochar composites. Future studies may look at different biomass resources 
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than rice husk and rice straw to produce hydrochar and utilize hydrochars as a solid fuel 
or as a filler.  
➢ In addition to that, future studies should examine applications of hydrochars in other 
area than solid fuel and filler for composites. For instance, removal of heavy metals 
from wastewater such as Cd, Cu, and Zn etc , carbon capture, and energy storage etc. 
